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1.0 


SUMMARY 


The Vought Corporation designed, fabricated and teated a prototype 
flexible apace radiator under MSA/JSC contract number HAS9-H7T6 hetman 
June 1976 and December 1976. This repo-t documents the design „ d fabrica- 
tion technique of the reaultant flexible spue radiator. The radiator ia a 
roll-up flexible panel with the tranaport fluid manifold, located at the enda 
of the 27 foot length. Fifty PFA Teflon flow tube, are sandwiched between the 
layers of silver wire mesh and sealed in the FEP Teflon film. The transport 
fluid flows from an inlet manifold through 25 panel flow tubes to the end of 
the radiator panel into a manifold which directs the fluid into the other 25 
flow tubes on its return to the base of the radiator. Dsployment/retractlon 
of the flexible radiator panel is by low pressure inflation tubes (one along 
each side of the panel) which incorporate a flat spring. The spring supplies 

the retraction force to wind the radiator panel on a drum when the pressure 
in the inflation tubes is relieved. 

Room ambient deployment teats of the radiator panel were conducted 
at Vought to verify the inflation tube/spring deployment/retraction capability 
These tests were documented on 16 mm film. The panel was deployed in Chamber 
B at NASA-JSC for a thermal vacuum, solar spectrum exposure test. After ap- 
proximately 100 hours of solar exposure, poet-teat inspection revealed no 
structural or optical properties degraded. 
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2.0 INTRODUCTION 

The Vought Corporation began full scale development of the flexible 
space radiator concept in June 1976 under Contract to NASA-JSC. The flexible 
radiator has potential application as a supplementary heat rejection device 
on the Shuttle Orbiter. Figure 1 depicts a U KW heat rejection module and an 
early flexible fin concept. Design and fabrication effort on the soft-tube, 
flexible radiator culminated in a prototype radiator panel shown in Figures 2 
and 3. This report presents the design details and fabrication techniques 
used to produce the contract deliverable end item. 

Appendix A contains all the progress reports between June 1976 and 
December 1976, and may be consulted for the direction of the program on a monthly 
basis. Appendix B contains the results of a hypervelocity impact experiment 
test performed at the Texas A4M University facility. An investigation of bond- 
ing adhesives was made before the program was redirected to a fusion bonding 
process and the results of this investigation appear in Append!.: C. Appendix D 
is an Instrumentation error analysis of the solar degradation te.vt documented 
in Appendix E. 
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FIGURE 2 

PROTOTYPE FLEXIBLE RADIATOR PANEL AND ASSEMBLY TABLE 




INFLATION TUBE/SPRING 




3.0 


RADIATOR PANEL DESCRIPTION 


The prototype flexible radiator is designed to reject 1.33 KW to 
a 0°F sink using Coolanol 15 as the transport fluid with a 100°F radiator 
inlet temperature. The overall radiator dimensions in the deployed con- 
figuration are 3.3 feet wide by 27 feet long to give a total radiating area 
(from both sides) of 178 square feet. In the stowed configuration, the 
radiator rolls up on a drum 10 inches in diameter by 4 feet long to a final 
diameter of approximately 17 inches . 

The prototype panel was constructed from six basic components: 

(1) the flexible fin, (2) panel flow tubes, (3) fluid manifolds, (4) deploy- 
ment inflation tubes, (5) retraction springs, and (6) the Btowage drum. 

Principal to the capability of the panel to reject heat is the fin material. 

The fin material fabrication was subcontracted to Schjeldahl, Inc. who used 

a newly developed continuous mill operation which hot -rolled a 4o x 67 silver 

o 

wire mesh into 3 mil FEP Teflon film and vacuum deposited 1000 A of silver 
covered by 150 X of Inconel on one side of the Teflon film. Optical proper- 
ties of the hot-rolled laminate steadily deteriorated after receipt of the 
material and the ensuing investigation revealed shortcomings in the manufac- 
turing process which allowed the silver to tarnish in contact with the air. 

Deemed unuseable due to the large measured solar absorptance values, the deposited 
silver and Inconel were removed from the Teflon film and fin material became just 
the wire mesh imbedded in the film (Figure 4). Solar absorptance values of the 
mesh/ film only were 0.16, which is approximately 13$ lower than the lowest measured 
value of the original silvered material. The emissivity of the fusion bonded 
laminate was 0.70. 

To distribute the heat from the transport fluid over the panel area, 50 
flow tubes of PFA Teflon (1/8" 0.D, x l/l6" I.D.) spaced .75" apart are used. 

These flow tubes run parallel to the long dimension of the radiator panel and 
connect to aluminum manifolds. The tube -to-mani fold connections arc made with 
standard Swagelok fittings, an adhesive, and tube inserts which allowed the fit- 
tings to capture the soft tubing without collasping the tube wall. Dr. Fred Dawn 
of NASA-JSC recommended several adhesiveB for the connections and one (EC2216) 
manufactured by 3M proved very successful. Samples of these connections were 
tested for extended periods in a 200°F water bath at 100 psi without leakage. 
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The fluid manifolds distribute the flow to the panel such that 25 
flow tubes receive Inlet flow. At the drum end of the radiator, a second 
manifold collects the flow and directs It Into the other 25 flow tubes on the 
return leg back along the panel Into the outlet manifold (see Figures 5 and 
6). The outlet manifold collects the transport lluld from the radiator and 
directs it back into the environmental control system. 

The flexible radiator panel is stowed in approximately eight wraps 
on a 10 inch drum (see Figure 7). Four inch diameter inflation tubes made by 
Schjeldahl of Kevlar/mylar are attached along each side of the radiator panel. 
Specially prepared flat springs are incorporated in each inflation tube in a 
pocket along the drum side of the inflation tube. The retraction springs must 
be closely matched as to the magnitude of force each exerts. A mismatch in 
retraction spring force will not allow the radiator panel to wind-up in the 
original stowage volume. A spring adjustment capability was designed into the 
spring hold down to fine tune the panel deployment /retract ion path. Panel 
deployment is achieved by pressurizing (* 1 psig) the inflation tubes which 
work against the retraction spring force to roll the stowage drum outward ex- 
posing increasing amounts of panel area. 
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INLET AND OUTLET FLUID MANIFOLDS 








FIGURE 7 FLEXIBLE RADIATOR STORED CONFIGURATION 







k.Q RADIATOR PANEL FABRICATION 

Fusion bonding was chosen as the method of forming the laminate 
of the two fin layers sandwiching the flow tubes. PFA Teflon tube material 
was used to guard against the tubes collasping during the bonding process. 

An assembly table (see Figure 2) was constructed on which the complete radia- 
tor panel can be laid out. The table surface has 50 grooves spaced three- 
quarters of an inch apart (Figure 8). To aid in assembly!, holes drilled in 
the grooves were connected to a vacuum source which pulled one layer of fin 
material into the grooves. Following operations sandwiched the flow tubes 
between the fin material in the grooves and a second layer of fin material 
with Kapton vacuum bagging material holding the flexible fin assenfoly together. 
The flexible fin assembly (Figure 9) on the assembly table was rolled into a 
5 * 5 f x 5.5' x30' autoclave for the fusion bonding process. The autoclave was 
programmed to reach 570°F within +_ 3°F over a three hour heat-up period. The 
fusion bond attained between the layers of fin material and between the flow 
tubes and the fin material was very strong mechanically. 

The retraction springs were purchased from Spring Engineers (Dallas) 
and sent to Schjeldahl, the inflation tube subcontractor. Schjeldahl bonded 
pockets along the inflation tubes to accommodate the retraction springs and 
delivered these to Vought as assemblies. Ifce inflation tube assemblies were 
then attached to the edge of the radiator panel fin material in a fold of 
aluminized mylar material; the free edges of which were sown to the fin material. 

Stowage drum fabrication and assembly is shown in Vought drawing 
T213-SK08 which is presented in Figure 10. 
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FIGURE 9 ASSEMBLY FOR FUSION BONDING RADIATOR 







5.0 


RADIATOR PANEL TESTING 


TeBting of the flexible radiator panel consisted of a room ambient 
deployment/ retract ion test and a thermal vacuum solar exposure test. The 
deployment test was performed at Vought in May 1976 and the solar exposure 
teat was performed at NASA- JSC in November 1978. Successful deployment and 
retraction of the panel was witnessed by the NASA contract technical monitor 
and recorded on 1 6 mm movie film. The purpose of the solar exposure test was 
to evaluate radiator performance degradation due to radiation near the solar 
wavelength. The panel optical properties and mechanical strength were checked 
carefully after 100 hours of solar exposure and no degradation was detected. 

Panel heat rejection also corroborated the conclusion of no measurable thermal 
performance degradation. 
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MONTHLY PROGRESS REPORT NO. 1 
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 

1.0 OVERALL PROGRESS 

Work during the first reporting period has been concentrated on the 
design requirement, for the prototype flexible radiator .ystem, and ha. 
included analy.es, element teat., and survey, of manufacturers capabilities 
relevant to the design and fabrication of the system which will follow in 
subsequent reporting periods. The studies of the initial period follow the 
outline of the statement of work of ref. (1), and address the following 

subjects: 

1) Loading requirements and performance data for tubular 
extendible space booms. 

2) Alternate fabrication techniques for improving the fin material 
construction and radiator panel assembly. 

3) Computer modeling and performance /optimization analyses. 

4) Inflation tubing deployment/ retraction system performance 
requirements. 

5) Assessment of alternate fin layup with two layers silver wire 
mesh. 

6) Micrometeoroid protection requirements and impact on tubing 
size. 

7) Tests of transport tubing and fittings. 

A briefing has been scheduled at NASA-JSC during the next reporting 
period to discuss the findings of the design requirements studies and to 
obtain NASA inputs prior to initiating the design phase of the program. 
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2. 0 DESIGN REQUIREMENTS STUDIES 

This section Bummarizes the results of individual design requirements 
studies conducted to obtain data for designing and fabricating the flexible 
radiator system. 

2. 1 Micrometeoroid Damage Studies 

The literature on micro meteoroid penetration of plastic materials was 
surveyed to determine whether experimental data or analytical methods exist 
for sizing the tube wall thickness of the flexible radiator. The limited data 
available indicates that plastics are more effective for resisting micro- 
meteoroid penetration than had been predicted from data for metals. An equation 
given in reference (2) predicts depth of penetration conservatively 
for polyethylene. The equation is . <9/ 

t -0 (&)*(**?* (1*) /tS <» 


where: 

■fc. = thickness of target material penetrated 
= percentage elongation of sheet material 
= mass density of sheet material 
Cwi = mass density of meteoroid 
V* normal impact velocity • 
dw\ - meteoroid diameter 

Figure 1 compares the depth of penetration predictions for 2024-T6 
aluminum with those of other equations developed for metals. 

The elongation term in Eq. 1 is much larger for plastics (£ 300) 

than for metals (£% 3)> and has a significant impact on the design of flexible 
radiators. For example, the wall thickness computed from Fig. 1 for 30 days 
lifetime for polyurethane tubing is 0.032". If the elongation term were 
assumed to be that of a metal, the required wall thickness is 0.058". 

Figure 2 compares predicted and experimental depths of penetration 
for polyethylene ( f } £ 500 } 
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The equation follows the trend of the data from ref. (3) for low velocities, 
but predicts much greater depths of penetration than actually occur at velocities 
typical of micrometeoroids (20 km/sec. ). Thus based on the data for 
polyethylene, Eq. (1) appears to give a conservative estimate of the wall 
thickness required to prevent penetration. Qualitative experimental data 
for plexiglas and polycarbonate in ref. (*) shows that polycarbonate (f = 1. 2, 

£ - 115) is superior to plexiglas (f, 1.2, £, 5) for retarding meteoroids. 

This also reflects the importance of elongation in the penetration equation. 

No additional experimental data on plastics was found in the literature. A 
complete list of the literature surveyed is given in Appendix A. An attempt 
was made to locate existing facilities for testing penetration resistance of 
the tubing materials. Texas A&M University has one of the few active 
facilities suitable for the tests. Their preliminary estimate of the cost 
is $6000 for a 6 month program. 

It 1. recommended that until additional data are available, the radiator 
tube wall thickness be sized from Eq. 1, 

Analyse, were made to determine the average depth that a meteoroid 

mart penetrate to puncture a tube. The average depth 1. greater than the 

tube wall thickness because most meteoroids do not strike the tubing from 

a direction which is normal to the surface. Figure 3 shows a typical 

trajectory of a meteoroid which is directed towards an element on the interior 

tube wall. The depth that the meteoroid must penetrate to reach the Interior 
wall is 

k = v vW-q T* )( I + tos ^ tauV *) k A 17 (2) 

CoS O £ I 4- Cos ^ *•■©* J 

The number of meteoroids which strike the surface from the <0 
direction with velocity yand miss sufficient to penetrate the depth ^ is 

d ~ -H- 


(3) 
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figure x effective* wall thickh & s 
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where ft is the cumulative flux of meteoroids , per unit area per unit time 
given as a function of meteoroid mass in meteoroid environment models. 
For the meteoroids of interest in this work 

= -K.57-i.ii3 (4) 

The total number of meteoroids which strike the element which are 

capable of penetrating the tubing is obtained by integrating 
^ Its- 


~ <t 7 Z r Vt 

“ -Jf J J /V Siu O- CoS 0 </&-</ 

^ _ — A 


(pzQ £> = 0 


(5) 


N is computed from Eq.j for each angle after the mass required to penetrate 
the depth Vl (0 } 4>) is computed from Eq. 1.: The integral in Eq. (5) is then 
evaluated numerically. 

The probability of no penetration is given by 




-s fat 
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where r is the shielding factor 
A is the exposed area 
£ is the time of exposure 

The shielding factor accounts for meteoroid blockage by the earth, the 
orbiting payload, and by the radiator itself. In this analysis, only the 
earth shielding factor is taken into consideration. For a 200 n. m. orbit 
S = 0. 685. Because of shielding by other factors, the actual shielding 
factor will be less, and the radiator will have a higher probability of 
success than is computed from Eq. (6). 

Analyses were made to determine the additional wall thickness 
required to prevent leakage after a meteoroid has penetrated to the depth 
computed from Eq. 1. The tube wall thickness must be increased by this 
amount to prevent failure even though the meteoroid does not actually 
penetrate the tubing. Calculations showed that the additional wall thickness 
is approximately 0. 002 inch for polyurethane tubing, and 0. 004 inch for 
teflon tubing. 

7 A-10 


For the total radiator system to have a 90% survivability, the transport 
tubing and the Inflation tubing must Independently have higher probabilities 
of success. Thus, the Inflation tubing was designed for 96% survivability 
(wall thickness = 0.044 Inch for 4" qd.tubing). The polyurethane tubing 
was selected so that the outside diameter is a standard dimension (0. 1875" 
for polyurethane tubing and 0. 125" for teflon tubing). For the optimum 
inside wall diamteers the wall thickness for polyurethane is 0.0488 inch 
and the wall thickness for teflon Is 0.0325 inch. Subtracting the thickness 
required for pressure retention, the thickness left for meteoroid protection 
is 0.0468 inch for polyurethane and 0.0285 for teflon. Treating the tubing 
as a thin sheet (not accounting for variable It as given by Eq. 2) the 
probabilities for surviving 90 days are 0. 965 for polyurethane and 0. 940 for 
teflon. If the variable Vl is taken into account, the probabilities are 0. 983 
for polyurethane and 0.974 for teflon. The combined probabilities of 
survivability for the inflation tubing and the transport tubing exceeds 90%. 

2.2 Tenpera ture/Tx -a sure Teat of Polyurethane Tubing 

Small sections of polyurethane tubing were pressurized and maintained at 
constant temperature for extended periods of time to test for leakage at the 
fittings, and to determine whether plastic flow of the material is a significant 
problem at elevated temperatures. Figure 4 describes the test apparatus 
and procedure. The tubing size is 0.250 in. O.D. x 0. 125 in. I.D. This is 
standard tubing which is similar to the 0.205 in. O.D. x 0.090 in. I.D. 
tubing specified in the baseline design. The stress levels at 50 psi are 
approximately the same for the standard and non-standard tubing. The first 
sample of tubing was tested at 200°F and 50 psi. The tube O. D. was 
measured at three sections as a function of time and the sample was sub- 
merged in water so that any leakage would be detected. The tubing was filled 
with Coolanol 15 and the system was pressurized with nitrogen. The measured 
tube O.D. is given as a function of time in Fig. 5. The tube ruptured after 
approximately 30 hours of testing. Standard Swagelok fittings were used with 
inserts made from 0. 125 inch O.D. aluminum tubing. No leakage was observed 
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FIGURE 4 

POLYURETHANE TUBE PRESSURE CREEP TEST 




¥ 


Approximate Test Setup - 



Specimen - 


o 4" - 10” Long 

o 1/4” OD 

o 1/8" td 

o Fittings: Swagelok with alum, ferrules. One end l/8 OD SS tube insert; 

other end no insert. 

Procedures - 

o Pressurise specimen to 52.1 psig (+ lpsig) 
o Keasure tube OD in three locations 
o Check end fittings for leaks, correct as required 
o Heat to 200°F 

o Measure tube OD in same three locations and check end fittings for 
leaks in the following increments: 

1 hr 

\ 

4 hrs 
24 hrs 
48 hrs 
72 hrs 

o Also check for tube rupture, terminate test upon rupture 
Report - None Required 



\ 
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during the tept sequence. A second section of tubing was tested at 17 5 F and 
50 psi. The apparatus and procedure were the same as for the first sample 
except that the 0. 125" O.D. insert was removed from the tubing at the 
fittings. Figure 6 shows the tube diameters measured at three sections 
as a function of time. The tube slipped out of the fitting after approximately 
100 hours of testing. This verifies that inserts are required with polyurethane 
tubing. The tubing did not rupture during the first 100 hours. However, the 
diameter was increasing at a fairly steady rate so that failure would probably 
have occurred within the next 100 or 200 hours. Additional testing is planned 
with fitting inserts at lower temperatures to establish a safe operating range 
for polyurethane tubing. 

The experimental results at 200°F are not consistent with published 
vendor data for polyurethanft. Figure 7 from Ref. { ^ shows that the published 
ultimate strength at 200<>F is 2000 psi.. The stress in the tube is given by 

<r = ,7) 

2 t 

The tube wall thickness for a stressed tube is given approximately by 
/ - c/i nlt£init_ ( o. /87$) (8) 

cT ^ 

where J « the average of the inside and outside diameters. The inside 
diameter in Eq. 7 is 

d i z. d — d — , 007^/gj T (g) 

J 

Equation (7) becomes 

/" V (10) 

n WOo ( </ ,0078/25) 

for 

(T - Z.OOO psi > \o 

d- — O. 7^ 5 »*C U 
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Hi-TUFF polyurethane thin gauge sheeting and film 

Hi*TUFF Polyurethane sheeting out performs all other plastic film and thln-gauge rubber sheeting 

where product applications require superior toughness, abrasion resistance, tear-strength, Ilex-life, low tempera- 
ture flexibility, oil and gasoline resistance, and longer aging properties. Hi-TUFF Sheeting can be vacuum 
formed, dielectrically sealed, blow-molded and solvent or heat-bonded to substrates. 


Typical Applications; 
Fluid Containers 
Dust Boots and Bellows 
Protective Covers 
Packaging 
Conveyor Belting 
Overlays 
Cable Jacketing 

(slit and spiral wrapped) 


Diaphragms 

Furniture 

Skin Covering for Foams 
and Sponge 
Bag-in-Box Packaging 
Oil and Grease Pouches 
Bearing and Tool' Packaging 


Lamination to Fabrics 

Gaskets 

Seals 

Noise/Vibration Damper 
Moisture /Vapor Barrier 
Flexible Fuel Tanks 
Dry Chemical Packaging 


Available: MP-1S80, MP-1885, MP-1890, Natural or Blac colors on sP e „ cia ' ° rd *^ J h i^ k 0 n n e85 t fr0( 7 1 * u ° 

.090* in 18" wide rolls. Tolerances: .010“ to .025 ± 2 mil., .026" to .090" ± 3 mil. MP-2080 natural and black, 
colors on special order. Thickness from .005“ to .125“ in 36" wide rolls. Tolerances: .005 to .040 — 2 mil. 
• .041" to .dsr ± 3 mil.; .063" to .090" ± 4 mil.; .091' to .125" ± 6 mil 


Length — Continuous rolls/bulk pack 


Hi-TUFF polyurethane extruded sheeting and film 
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This should correspond to the measured tube wall thickness prior to failure. 
Since the tube failed at a diameter of approximately 0. 30 inch, the effective 
ultimate strength is approximately 260 pai. 

2. 3 Thermal Modeling and Performance /Optimization Analyses 

A two dimensional flow computer model was instructed to determine the 
effects of cross conduction between the hot fluid entering the radiator and 
the cooler fluid leaving the radiator through adjacent transport tubing. Figure 
8 shows the flow path routing in the baseline design. Figures 9, 10, and 11 
identify the nodes and conductors of the thermal model. The incoming and 
outgoing tubes of the computer model may be thermally isolated by equating 
the center conductor to zero. Figure 12 shows typical temperature profiles 
for configurations with and without cross conduction. The results show 
that with regeneration the average temperature in the mid sections of the 
radiator is lower than when the cross conduction is eliminated. Because 
of the lower average temperatures, heat rejection is reduced by approximately 
8%. To reduce the effects of regeneration, it is recommended that the 
radiator be designed so that the incoming and outgoing tubes are separated. 
This requires a manifold at the free end of the radiator so that the outgoing 
tubes may be located.on one half of' the radiator, and the return tubes located 
on the opposing half. 


Analyses were made to determine optimum tube spacing and diameters. 
The projected radiator surface area is given by 

T **« 


Q 




C t +4 r? s € <r RT* )<dT 


N ' • > Wf r* ^ V rs / ya / JJ 

fl+ L(*££rK T 3 ) z (/-T«. / r)*lr. 4 --n 


ft e <r(T tu -7 0uT ) _ 

T , 

where = radiator fin efficiency 

$ = tube spacing 
€ - effective surface emissivity (i = 2 for two sided radiators) 

= thermal resistance from the fluid to the base of the radiator fin 
7%, = fluid inlet temperatures 


- fluid outlet temperature 


ANALY S IS OF REGENERATION IN FLEXIBLE RADIATORS 


TYPICAL FLOW PATHS 





SECTION 


FIGURE 8 

PARALLEL FLOW PATHS ARE ARRANGED TO MINIMIZE REGENERATION. COMPUTER MODEL SHOWS 
EFFECT OF REGENERATION ON RADIATOR PERFORMANCE. 
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The surface area computed from Eq. 1 1 is given as a function of the parameter 
77 gig-R in Figure 13. The thermal resistance at the tube wall for the 
baseline design was computed from the two dimensional math model shown 
in Figure 14. For laminar flow the resistance computed from steady state 
analyses is _ . o . _ / 

R=- 5.40 F-Ur-Ft/&tO (12) 


For the alternate construction with silver wire mesh on both sides of the 
tubing, the thermal resistance is 

R ■=. 2 ..!^ ( i3) 

The radiator fin efficiency is given as a function of tube spacing in Table 1. 


TABLE I RADIATOR FIN EFFIEIENCY FOR FLEXIBLE RADIATOR 


Radiator Construction 


.3 inch) 

-Or- 

One Layer Screen Wire, 

0. 0057, 

1.42 

0.5 

0.947 




1.0 

0. 867 




1.5 

0.767 

Two Layers Screen Wire, 

K = 0.0112, 

6 = 1.50 

0. 5 

0.962 




1.0 

0.917 




1.5 

0.853 


The weight of the radiator to be minimized in this analysis includes 
manifolds, the deployment drum, retraction springs, transport tubing, 
radiator fin material, transport fluid, tube fittings, and weight penalty 
for pumping power. 

wt - wt (manifolds) + wt (Drum) -l- wt (springs) + wt (tubes) i wt (fins) + vt (fluid) 

wt (fittings) + wt (AP) (14) 

For the baseline design with one layer of wire mesh 

wt = 0. 0354 W + 0. 01948 DW + 12. 15 tL + 4. 7 ~ (d* - df) 

+[0.107 + 0 . 049 o'] A ! 3.64 Ad;. •! 0.032 

-4 * S s 

> 5.34 SU 05) 

UldjL 4 ' 
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where 

W ■= the width of the radiator (inch) 

= diameter of deployment drum (inch) 
t - thickness of retraction spring (inch) 

L - length of radiator panel (ft. ) 
f\ = area of radiator panel (ft. ^) 

S ~ tube spacing (inch) 
do - outside tube diameter (inch) 
di. - inside tube diameter (inch) 

UJ't - weight of one radiator panel (Its ) 

For the alternate design with two layers of wire mesh the term representing 
the weight of the radiator fins is replaced by 

- L®* * o* 080 ^-1 A < 16 > 

For freon 21 transport fluid, the flow is turbulent and the pressure drop 
weight penalty is computed from 

/ s \t.a L 

UJt (jkP) - “^5 * (uJdJL ) <^3 (17) 

The thermal resistance at the tube wall is given approximately by 

R = 1.2.5 a F - Wh-Ft /btl> (18) 

Table II compares the dimensions and weights of candidate radiator 
constructions for various tube spacing s for a system heat rejection of 4 kw. 
The tube diameters were selected to provide micrometeoroid protection and 
to be compatible with standard tube fittings. Table III shows the effect of 
varying the tube diameters on radiator weight. The results show that near 
minimum weights are possible with standard tube diameters. The analyses 
assume that the wall thickness required for meteoroid protection is 
independent of the tube spacing. This is not exactly true because the exposed 
area increases as the tube spacing decreases. Thus, the exposed area for 
a tube spacing of 0. 5 inch is approxinately twice the area for 1 inch spacing. 
The wall thickness required for constant probability of no penetration is 
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TABLE II COMPARISON OF RADIATOR DIMENSIONS ANT) WEIGHT 
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TABLE III EFFECT OF TUBE DIAMETER ON WEIGHT 
FOR ALTERNATE PANEL CONSTRUCTION 


TYPE OF CONSTRUCTION 
1 LAYER WIRE MESH, POLYURETHANE 


2 LAYERS WIRE MESH, POLYURETHANE 


2 LAYERS WIRE MESH, TEFLON 


TUBE ID 

TUBE on 

SPACING 

WT. 

( INCH) 

(INCH) 

( TNCH) 

fLB) 

.090 

.1875 

0.50 

61.3 

.090 

.1875 

0.75 

57.9 

.090 

.1875 

1.00 

58.7 

.090 

.1875 

1.50 

67 .O 

.080 

.1775 

0.50 

60.0 

.080 

.1775 

0.75 

58.4 

.080 

.1775 

1.00 

60.9 

.100 

.1975 

0.50 

63.4 

.100 

.1975 

0.75 

58.8 

.100 

.1975 

1.00 

58.6 

.090 

.1875 

0.50 

57.3 

.090 

.1875 

0.75 

51.6 

.090 

.1875 

1.00 

50.0 

.080 

.1775 

0.50 

55.8 

.080 

.1775 

0.75 

52.3 

.080 

.1775 

1.00 

51.9 

.100 

.1975 

0.50 

57.9 

.100 

.1975 

0.75 

53.8 

.100 

.1975 

1.00 

49.5 

.0625 

.125 

0.50 

42.7 

.0625 

.125 

0.75 

44.5 

.0625 

.125 

1.00 

49.0 

.0525 

.115 

0.50 

46.8 

.0525 

.115 

0.75 

54.8 

.0525 

.115 

1.00 

66.9 

.0725 

.135 

0.50 

42.0 

.0725 

.135 

0.75 

4l.l 

.0725 

.135 

1.00 

42.5 
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related to area through the following equation. 

t - C A °* 290 (19) 

Thus, if the area doubles, the required wall thickness increases by 22, 3!$ 
or approximately 0.010 inch. This reduces some of the weight advantage 
indicated for close tube spacing in Table II. Radiator stiffness, producabillty 
and coat also favor wider tube spacing. However, the required surface 
area Increases rapidly with tube spacing. Because of this, 0.625" spacing 
is recommended for construction with one layer of wire mesh, and 0.750 
spacing is recommended for two layers of wire mesh. 


2.4 Assessment of Two Layers Wire Mesh Construction 

The computations in Section 2. 3 show that the radiator weight and size 
are reduced when the fin material is constructed with two layers of wire 
mesh. However, stiffness and fabricability must also be considered when 
evaluating the merits of the alternate radiator constructions. 

Stiffness is important because of its impact on the deployment/retraction 
system. The bending moment required to roll the radiator panel around the 
deployment drum depends on the cumulative El product of the transport 
tubing, the fin material, and the inflation tubing. The major part of the 
bending moment is associated with the transport tubing. The equation for 
the moment required to bend a tube about a constant radius of curvature is 



Where R* is the radius of curvature, as in the case of the flexible radiator, 
the radius of the deployment drum. Stiffness tests were conducted with 
1 sq. ft. elements of radiator panel at ambient conditions and in cold 
environment to verify that Eq. 20 provides a reliable method for computing the 
stiffness of the proposed prototype radiator. It was determined that the El 
product in Eq. (20) could be computed by summing the terms for the transport 
tubing and the thin shell of radiator fin material which encompasses the 
transport tubing ; 

EX - UA-hV VE (ft-) ffrf.tzo 4 - d/l (21) 
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Thin assumes that: the tubing bends about its own neutral axis, and that the 
fin material forms a separate tube which surrounds the transport tubing. One 
of the elements tested contained 12 polyurethane tubes with thick silver backed 
teflon fin material. The bending moment computed for the tubing and the 
fin materials are 0.047 in-lb and 0.473 in-lb respectively for a total of 
0. 52 in-lb. This compares to the experimentally determined value of 0.46 
in-lb at ambient conditions. The second element was constructed from 
teflon tubing and thick silver backed teflon film. The predicted values for 
the tubing and fin are i. 025 in-lb and 0. 261 in-lb for a total of 1. 286 in-lb. 

The experimental value is 1.8 in-lb. The elements were also tested at 0°F, 

For the cold environment the experimental bending moment for the element 
with polyurethane tubing increased to 0. 57 in-lb, whereas the moment for 
the teflon tube element remained approximately the same as for ambient 
conditions . 

ihe element tests showed that equation 20 provides an approximate 
method for computing the required bending moment but that a factor of safety 
should be included to allow for unknowns in the analysis. 

Equation (20)was applied to estimate the spring sizes required for the 
prototype radiator. The results for the alternate radiator construction are 
compared in Table IV. Fqr the construction with one layer of wire mesh, 
the neutral axis was assumed to coincide with the silver wire mesh, This 
causes the computed stiffness with one layer of wire mesh to be almost as gre*,t 
as that for two layers. Actually the neutral axis will be positioned between 
the layer of wire mesh and the center of the tubes so that the panel should 
not be as stiff as calculated. With two layers of wire mesh the radiator is 
stiffer with polyurethane tubing than with teflon tubing. The reason is that 
the smaller diameter of the teflon tubes reduces the moment of inertia of 
the screen wire fin material enough to offset the ad4ed stiffness of the 
teflon tubes. It it. recommended that a factor of safety of at least 2. 0 be 
applied to the results of Table 4 when sizing the springs for the retraction 
mechanism. This will insure that the radiator will wrap tightly about the deploy- 
ment drum upon retraction. 
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Thus, with regard to stiffness, the construction with two layers of wire mesh 
are comparable or superior to the construction with one layer. 

A small element was fabricated with two layers of screen wire and teflon 
tubing to determine whether the problems will occur in laminating the radiator. 

Sheldahl Advanced Products Division stated that they will not be able 
to fabricate the radiator with two layers of screen wire without extensive 
revisions of their roll laminating machines. Therefore, it will be necessary 
to develop alternate procedures for fabricating the panel. To construct the 
element, an aluminum die was made with machined grooves for accommodating 
the transport tubing. Vacuum holes were drilled periodically at the bottom 
of the grooves to hold the fin material in place while the tubing is being 
positioned. The tubes are bonded to one -half of the radiator which is held 
in position by means of the vacuum holes. Subsequently, the opposing half 
of the radiator is held in the die and the mating half with attached tubing is 
placed in position. The two halves of the radiator are then removed from 
the die and placed in vacuum bags for curing at elevated temperature. The 
element constructed in this manner appears to be of excellent quality. 
Application of the aluminum die should make it possible to produce a prototype 
radiator which is straight and uniform in cross section. 

Therefore, since the construction having two layers of wire mesh have 
performance and weight advantages, are comparable in stiffness to those 
having one layer, and appear to be manufacturable with proper tooling, it 
is recommended that the prototype radiator be made with the double layer 
of screen wire. 

2.5 Inflation Tubing Requirements 

Numerous . ambient tests were conducted with inflation tubing and 
retraction springs to determine the best method of attaching the tubing to 
the springs, and to obtain deflection data for sizing the inflation tubing for the 
prototype radiator. The tests showed that the springs must be attached to the 
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tubing as shown in Fig. 15. For this method of attachment, the spring tends 
to stretch the inflation tubing while the inflation tubing tries to compress 
the spring. This type of loading causes the system to deploy and retract with 
a linear motion, whereas for other methods of attachment the tip of the radiator 
extends in a curved trajectory with the spring and inflation tubing forming a 
spiral as shown in Fig. 16. With the correct method of attachment, the spring 
and inflation tubing remain reasonably straight until they contact th-? deploy- 
ment drum. Then they roll around the drum with a radius of curvature slightly 
larger than that of the drum. Apparently there is a buckling phenomenon which 
occurs as the tubing contacts the drum. At sections removed from the drum 
the tubing remains inflated and is stiff enough to straighten the spring. As the 
tubing contacts the drum it buckles and the spring is able to wrap it around 
the drum. 


A alight curvature exists over the entire length of the inflation tubing. 
The tubing acts as a beam with a prescribed stiffness which is subjected to a 
constant bending moment induced by the spring. It, therefore, seeks an 
equilibrium position which is described by a constant radius of curvature. 
The radius of curvature and bending moment are related by 




( 22 ) 


Sections of inflation tn: ing were pressurized and loaded to establish the 
effective El experimentally. E was then measured separately in a tensile 
test machine so that I could be determined and compared with theoretical 
predictions. The tubing tested in this manner has a non uniform cross section 
as shown in Fig. 17. Because of the overlapped joint the moment of inertia 
is much larger about the x-x axis than about the y-y axis. The effective moment 
about each axis was determined experimentally by loading the tubing as a 
cantilevered beam as shown in Fig. 18. The deflection at the end of the beam 
is given by 


A * F Sj\ 
3 LX 


(23) 
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Thus, El could be determined by measuring the deflection as a function 
of loading » 

EX = _Fj! 

3 A (24) 

Table V compares the El values computed from Eq. 24 using experimental 
values of F and D with the El values computed from geometric measurements 
of the tube wall thickness and diameter. The results show that the 
experimental measurements do not correlate with the values predicted 
for a hollow tube. The measured moment of inertia is relatively insensitive 
to the loading axis, and can be computed approximately by treating the tube as 
having a uniform wall thickness equal to the average wall thickness 


TABLE V EFFECTIVE El FOR INFLATION TUBING 


Pressure 

Load 

El - Experimental 

El - Predicted 

(psi) 

Axis 

(lb-in 2 ) 

(lb-in2) 

5 

y-y 

5670 

10,275 

10 

y-y 

7290 


15 

y-y 

7290 


5 

x-x 

• 6745 

5, 130 

10 

x-x 

8993 


15 

x-x 

9810 



of the inflation tubing. The average El computed by this method is 7296. This 
compares reasonably well with the experimental values in Ttble V. 
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Figure 19 shows the position of the tip of the inflation tubing as a 
function of the radius of curvature in Eq. 22. As a design goal it is 
recommended that a radius of at least 250 ft. be selected. The El required 
from Eq. 22 is 


El = (250) (12) M 


Assuming a factor of safety of 2.0 in Table 4 the 
in each inflation tube is approximately 20 in -lb. 
tube material is approximately 80,000 psi. Thus 


(250) (12) (20) . 

80,000 •'* 


m 


bending moment required 
The modulus of the inflation 


For 4" diameter inflation tubing the wall thickness required is 0. 030 inch. 
No factor of safety is required in this case because unknowns in the analyses 
will only change the radius of curvature of the tubing. Figure 19 shows that 
the end coordinates of the tubing are not sensitive to small variations in R 
for the design goal of 250. 


An equation for buckling of the inflation tubing was derived by assuming 
that the energy for bending is absorbed in deforming the material and in 
compressing the gas in the inflation tubing. 


PRA(n-^ A ) 


where ft 

t 

A 

£ 

ft 

P 


the radius of the inflation tubing 
thickness of inflation tubing 

deflection of the wall of the inflation tubing with bending 
modulus of inflation tubing 
radius of curvature 
internal pressure 


(25) 


Castigliano’s theorem was applied to compute Ain Eq. (25). The result is 



* 2.44 n* 

f\ -M.2 Z*) 4- 5 UO^ Pgil 1 

£ t l J 


3 ^ 
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(26) 





To determine the limits lor buckling it is assumed that the walls of 
the inflation tubing will not withstand a compressive load. Thus when the 
compressive stress in the wall associated with bending exceeds the tensile 
stress caused by the internal pressure of the gas the tube will buckle. The 
compressive stress in the wall caused by bending is 

c 

f - L M - i . <+ P A n. J (27 ) 


The tensile stress caused by the internal pressure is 


<T = 

4 r 


\2o; 


Equating the stress in Eqs. (27) and (28) with 4 computed from Eq. (26) 
defines the limits for buckling. The critical bending moment for the 
existing 2" diameter inflation was determined experimentally to test the 

accuracy of the theoretical method. The experimental and theoretical results 
are compared in Figure 20. 


The minimum pressure required to prevent buckling of the inflation tubing 
was computed for a bending moment of 20 in-lb and a diameter of k inches. 

The analysis shows that the pressure required is only 0.86 psi. 

2 • 6 Extendible Boom Analysis 

With a general lack of material and section property data, certain 
assumptions, tests, and analysis methods were used to determine the allowable 
compressive load carrying capability of the boom. Based on some section pro- 
perty, and ultimate bending moment data obtained from Fairchild through a 
telecon, some basic assumptions were made as to the material properties and 
the other section properties. 

Preliminary analysis based on a simple support beam column indicated 
that the critical buckling load was approximately 2 lbs. on earth and 32 lbs. 
in a zero-g environment. Test results of a simple experiment conducted at 
Vought indicated that either the stiffness data provided by Fairchild, material 
property assumptions, and/or end-fixity assumptions were in error. By con- 
tinuing to assume the validity of the Fairchild data, material and section 
property data was altered and the coefficient of end fixity established. The 


37 


A-40 


coefficient of end fixity agreed very closely with that of a team column 
fixed at both ends. 

By applying the appropriate buckling equations, it was determined 
that the critical buckling load on earth was approximately 127 lbs. and 
417 lbs. in a zero-g environment. 

The analysis to date is incomplete and further tests, review and 
analysis are required to either Bupport or refine this the simplified 
analysis and its associated assumptions. 

3.0 PROGRESS CN MAJOR END ITEMS 

The design requirements phase is essentially complete. Additional 
analyses and tests are required to establish the operating temperature limits 
of the transport tubing and fittings. Additional ambient tests are planned 
for the prototype inflation tubing and retraction springs. The space deployable 
boom will be loaded axially to insure that it will not buckle in a 1-g test 
environment. Experimental data is needed concerning micrometeoroid penetration 
of polyurethane and Teflon. The thermal analyses showed significant weight 
and performance advantages for two layers of Bcreen wire mesh. An element was 
fabricated with the double layer construction to establish fabrication techniques. 

The program is on schedule , and no major technical problems have 

occurred . 

U.O WORK SCHEDULED DURING THE NEXT REPORTING PERIOD 

Work during the next monthly reporting period will be directed 
towards finalizing the design requirements studies and initiating the detailed 
design drawings for fabricating the system. Vendors will be contracted to 
begin fabrication of the fin material. Retraction sprlngB, inflation tubing, 
transport tubing, and additional materials will be purchased for fabricating 
the prototype system. 
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Monthly Progress Report No. 2 
Development of a Prototype Flexible Radiator System 


1.0 Overall Progress 

Work during the second reporting period has been concentrated on design re- 
quirements for the prototype flexible radiator system, and has Included analyses, 
element tests, and surveys of manufacturers * capabilities relevant to the design and 
fabrication of the system which will follow in subsequent reporting periods. The 
studies of the second reporting period follow the outline of the statement of work 
of reference (1) and address the following subjects. 

1) evaluation of effect of curvature of the soft tube radiator panel on radiator 
performance 

2) evaluation of methods for fabricating the prototype panel 

3) permeability of plastic and elastomeric transport tubing. 

A briefing was held at NASA-JSC on 12 August to discuss findings of studies documented 
in reference (2) and to obtain NASA inputs prior to Initiating the design phase of the 
program. The design requirements studies showed that significant performance advan- 
tages are possible if two layers of screen wire mesh are incorporated into the radia- 
tor fin construction. The performance is also improved if Teflon tubing and Freon 21 
transport fluid are used Instead of the proposed polyurethane tubing and Coolanol 15 
transport fluid. NASA and Vought agreed that the radiator would be constructed with 
a dual layer of wire mesh and that additional tests and analyses would be conducted 
to evaluate and attempt to resolve potential problems with the Teflon/Freon 21 system. 

It was also agreed that tests and analyses of the tubular extendible boom deployment 
system would be delayed until after the inflation tubing deployment system is checked 
out on the full scale radiator panel. The inflation tubing system was demonstrated 
successfully on the smaller engineering model radiator during the intial reporting 
period. Additional design studies were planned to develop a fabrication technique 
for constructing the prototype panel, to establish operating limits of transport tubing, 
and to evaluate the effects of radiator panel curvature on thermal performance. 

2.0 Design Requirement Studies 

This section describes the results of individual design requirements studies 
conducted to obtain data for designing and fabricating the flexible radiator system. 

2.1 Effects of Radiator Panel Curvature on Thermal Performance 

The retraction spring of the inflation tube deployment /retraction system cause 
the radiator panel to be slightly curved. This influences the effective environment 
of the panel because part of the thermal radiation emitted from an element on the 
panel is absorbed at adjacent surfaces. The view factor between two elements on the 
panel shown in Figure 1 1st 
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Table I gives the ratio 
curvature of the panel. 


computed from Equation 7 


as a function of the radius of 


TABLE I Effects of Panel Curvature 
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iOO .9995 
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2.2 


Evaluation of Method# for Fabricating the Prototype Radiator Panel 


A method is being developed for laminating the radiator with the transnort tuhino 

iIdf W frM d .i*T‘ n *?“ tW ° opp ° 8inB halve * the panel. The method employ a dies 

Fiaure Th ® plat88 hav * Sroovea machined on one aide as shown in 

Figure 2 to accomodate the transport tubing. Vacuum holes are drilled at the bottom 

of the grooves to provide a means for holding the panel in position during the fahri- 
c *^^ on process. To laminate the radiator, one half of the fin mat-ar-tni -r . , 
on the plate, and adhesive is applied to the exposed surface in the form of^fine* 1 * 

in nudSfll* th J" C °* tS * re re< l ulred t0 prevent the adhesive from collecting 

in puddles and leaving bare spots on the panel. The tubing is then placed in the 8 

to°manlfoid po8ltlon by the adhesive. The tubing will have been connected 

^ ^ Recked for leaks prior to lamination. The vacuum is then released 
“ d !!\ °L £he f! dlator reooved fron the »dd. Subsequently the opposing hllfJa 
placed in the mold and coated with adhesive. The two halves are then carefully joined 

“p th * a9S f nbly Including the mold is placed in an autoclave to curmthe 
h* Prafl8ur ® 18 “attained on the panel during the cure cycle by means of a 
vacuum bag. A small section of the panel was fabricated using this method to determine 
whether problems are likely to occur. The section laminated by th?a procure is stS*St 

and uniform in cross section. It is probable that the prototype panel can be fabricated 
successfully with this technique. 79 p fabricated 


2.3 


Permeability of Plastic and Elastomeric Transport Tubing 


A study was conducted to determine potential problem areas for an alternate radi- 

DSLt r i“ 8pOrfc ^ l0OP J 8y8te w C ° n8i8ting of Teflon tubin 8 with Freon 21 transport fluid! 
DuPont was contacted to obtain Information relevant to obtaining leak free conneeH™. 

etween Teflon tubing and manifolds. Work under previous contracts had shown that 

which*«auire ld °? 3 f 4 th u Tefl ° n> le8ks devel °P at the connectors during operation 
repeatcd tightning of the fittings. DuPont’s representative (Mr. J. 
rrin) could not recommend a solution, but suggested that part of the leakage could 
be a result of the permeability of the transport tubing. No permeability drta was 

X 1 l :.£ d *“ for preo ° 22 Md Fr *° n 12 hi 8l , 

T . The t88t *PP* r «tus shown in Figure 3 was constructed to measure permeability. 

2 .IKI *?" C0n , bain8 8 lan 8th Of 3/16” OD X 1/8” ID FEP Teflon tubing which 

J 88 ™ aa 8 J~5 ub ®. *111*1 to near the ends, and pressurized with nitrogfn gas 
he miniscus level is monitored as a function of time to determine permeability. 

J® 1 wera conducted with the tubing exposed to ambient air and inanersed in hot water 
baerve temperature effects. The apparatus was arranged so that the liquid Freon 
w« hot «p 0 ..d to . fitting, chu. .ll.lo.tlng the poeeibllt, of « th. oon- 

-J Js .. AnT l ,ot “ ,e1 * 1 loolMge could b. detected by observing . decoy In pressure 
of the nitrogen gee or by ..ploying . Helog.n leek detector. A G.“ iodcl ”l 0 

*ssg* ‘rss.'jr* £ “ ei " ‘-* h ot —*»£ ^ 

pemeeblll-.y lncr..... ..rkedly et higher teSJ«Si?«,* 1V *'‘ ln Fl8 “ r * 4 * ho ''* th,t 
To show the Impact of the tubing permeability on the operation of flexible 
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rigure a, the permeability at a nominal temperature of 80°F is 
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The leakage rate through a auction of tubing la given by 
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Por .0625" ID X .125" OD tubing, 48 tube* /panel, 1 « 25*, P ■ 100 pal. the 
leakage rate la 

rn z (sW4eK*5ViiWiU’MO- 4 f2 ,, ° ) ( \oo) / U, (z\ 

m - a 55^ / day 


Thia leakage rate would reault in a lose of approximately 17 lb_. of Freon 21 in a 
thirty day mlaelon. There is also a potential problem that the transport fluid 
leaking through the tubing would attack the adhesive used to bond the two halves 
of the radiator panel. 

Mr. J. Latra of DuPont Fluorocarbon Division was contacted for suggestions on a 
possible substitute fluid. He recommended that we test Freon 11. The results 
given in Figure 4 show that the permeability of Teflon to Freon 11 Is substantially 
lower than for Freon 21 at low temperatures, but exceeds that of Freon 21 above 
130 F. The leakage rates for Freon 11 are probably acceptable for missions where 
the average fluid temperature is around 70°F, Freon 11 is more likely to be com- 
patible with surrounding materials than Is Freon 21. 

Permeability tests were also conducted with Coolanol 15 transport fluid. No 
leakage was detected at temperatures to 200°F Teflon or Polyurethane tubing. 

3.0 Progress on Major End Items 

Additional analyses and tests are required In the design requirements phase. 
Alternate materials need to be evaluated to obtain maximum thermal performance, 
operating temperature range, and reliability of operation. Experimental data la 
needed concerning micrometerold penetration of the transport tubing. Tests should 
be conducted to develop reliable methods for connecting the tubing to the manifolds. 

The program is on schedule. Permeability of Teflon to Freons and low strength 
of Polyurethane at high temperature are problems which were not anticipated. There- 
fore, unscheduled work Is required to evaluate alternate materials. The program 
could fall behind schedule If long delivery times are required to obtain materials 
for testing. 

4.0 Work Scheduled During the Next Reporting Period 

Work during the next monthly reporting period will be directed towards finalizing 
the design requirements studlea and Initiating the detailed design drawings for fabri- 
cating the system. 
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Monthly Prograss Report No. 3 
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 


1.0 Overall Progress 

— “ stk : zsxsusr. 

1) Transport fluid evaluation 

2) Transport tubing evaluation 

3) Tubing/manifold connector tests 

A) Microme ceroid Impact simulation test 
5) Copper/silver backed Teflon fin material teat. 
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2.2 Tubing Selection Studies 

An axtenalve materials evaluation survey documented In Ref. (3) coopered date 
on twenty-eight tubing materials. The study Identified polyurethane and FEP Teflon 
aa having desirable properties for use In flexible radiators. Two additional materials 
were tested during this reporting period as possible alternates, Flexlte FN Nylon was 
selected for further evaluation at NASA's request because of its compatibility with 
Freons, A sample of tubing was obtained and tested for flexibility. The simple was 
extremely stiff at low temperatures and shattered upon bending at -75°F. Hytrel tubing 
was also obtained and tested aa a possible substitute for polyurethane. Compatibility 
tests at 200°F showed no effects of exposure to Coolanol 15 and Freon E-l after 24 hours. 
The Hytrel did swell by approximately 30Zlnthe presence of Freon ll t and deteriorated 
with exposure to Freon 21. Vendor data given In Fig. 7 Indicates that the Hytrel is 
more flexible than Polyurethane at low temperature, and is stronger at high temperatures. 
Creep data given In Fig. 8 shows that the high temperature strength is sufficient for 
flexible radiator applications when the wall stress does not exceed 500 psi. This is 
well within the limits expected for the fluids identified in Section 2.1. Vought tests 
showed the mate rial to be compatible with Coolanol 15. Additional tests are planned 
for compatlblll ;y with the FC fluids. 

2.3 Tubing/Manifold Connector Tests 

An apparatus was designed to test methods for connecting Teflon transport tubing 
to a manifold* Work under previous contracts has shown that leaks develop at the mani- 
fold fittings because of cold flow of the Teflon. Therefore, several unusual types of 
connectors designed to resist leakage caused by cold flow were tested. A manifold was 
constructed, as shown in Fig. 9, so that several concepts could be tested simultaneously. 
The test sequence consisted of alternate exposures to hct and cold environments with 
the system pressurised to 200 psig. The tubing was charged with Coolanol 15 to test 
compatibility b tween the transport fluid and materials used in the connectors. The 
system was submerged in a 200°F bath for periods of approximately two days followed by 
short exposures of approximately 10 minutes duration to a dry Ice bath at ~75°F. The 
system was then checked for leaks and re-immersed in the hot bath. Very small leaks 
were easily detectable following the cold exposure because the leaking transport fluid 
would melt and discolor frost accumulating on the system. Leakage was also monitored 
by measuring the level of the Meniscus of the extrapped transport fluid which was ob- 
servable through a 0.25' dla. sight glass. Table III lists the types of fittings test- 
ed and gives the results after 24 days of testing. The test sequence is scheduled to 
continue for 30 days. The Swagelok fittings listed in Table III contain two compression 
ferrules that squeeze the tubing as the fitting Is tightened. The aluminum-aluminum 
designation for test specimen No. 1 indicates that both ferrules are aluminum. For 
specimen No. 4, the back ferrule is stainless steel and the front ferrule is Teflon. 

The threaded nut of all swagelok fittings tested Is aluminum. Inserts made from 
stainless steel tubing (.062" OD x .006" wall) were installed Inside the 1/8" 0D x 1/16"ID 
Teflon tubing to restrain the deflection of tubing as the fittings were tightened. Sim- 
ilar inserts were used in the wm compression type glued connectors. In this case the 
Teflon tubing is glued to the inside of a larger tube as shown In Fig. 10. This type of 
fitting ia not susceptible to cold flow of Teflon as occurs in compression type connectors. 
The inserts were used in this case to force the tubing cross section to be circular, and 
Insure a sound, close tolerance glue joint. 

The results In Table III show that all of the pure compression type fittings leaked 
at some point In the test* These fittings did not leak after every cold soak, but some 
leakage did occur at each fitting at least once during the 24 day test. The connector 
with stainless steel back ferrule and Teflon front ferrule leaked less than the other 
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compression fittings. None of the compression type fittings with glued ferrules leaked. 
These fittings were prepared by etching the outside diameter of the Teflon tubing and 
coating it with 3-M EC-2216 epoxy. The fitting was then assembled and tightened before 
the adhesive was cured. Most of the overlapping tube glued joint connections developed 
leaks during the test. Apparently it is more difficult to obtain a thin uniform layer 
of glue with this method than in the compression type fittings. Tills is important be- 
cause vapors form inside the adhesive during the cure cycle and create leak paths for 
the transport fluid. It is, therefore, essential to maintain pressure at the Joint dur- 
ing the cure process to keep the glue thickness at a minimum and retard the formation 
of leak paths. It is possible that methods could be developed for making this type of 
Joint effective. However, because of the success of the compression iype glued Joint, 
no further work la planned in thla area under the present contract. Two types of Epoxy, 
3M-EC2216 and Aremco-Bor.d 526 were tested. The EC-2216 adhesive proved satisfactory 
for the compression joint as deocribed above. However, the Aremco-Bond 526 adhesive is 
unacceptable for this application because it expands to approximately double its origi- 
nal volume during the cure cycle, and is very porous in the cured state. 

2.4 Mlctometeorold Impact Simulation Testa 

Texas A&M University has been contracted to perform micrometeoroid impact simula- 
tion tests on Teflon and Polyurethane. A $750 fixed price, best effort contract was 
issued. The work will be carried out by student labor under the supervision of Dr. 

J. L. Rand, Space Technology Division, Texas Engineering Experiment Station, Texas, 

A&M University. The work will be completed before 20 December 1976, An unspecified 
number of 0.080 inch projectiles will be fixed at various velocities up to 6 kilometers/ 
sec using a light gas gun. FEP Teflon sheet and Polyurethane tubing were supplied by 
Vought. The test will be designed to verify or establish equations used to sixe the 
tube wall thickness of the flexible radiator. 

2.5 Evaluation of Copper/ Silver backed Teflon 

Sheldahl Advanced Products Division, who manufactures Inconel/Silver backed Teflon 
used in the fin material of flexible radiators, suggested that the Inconel film normally 
used in conjunction with silver might be replaced by copper. The purpose of the Inconel 
film is to protect the silver from corrosion. Sheldahl has rcently successfully re- 
placed this film with copper on materials used in solar collectors. If copper is used, 
the cost of fabricating the fin material Is reduced by more than $5,000, and the mater- 
ial can be produced in continuous rolls rather than in 10* lengths. Sheldahl shipped 
samples of copper/silver backed Teflon to Vought for preliminary testing. Small sec- 
tions of the material were glued together to test compatibility of the copper and the 
adhesive previously selected for laminating the Prototype flexible radiator. When the 
sample was examined after it had been heated to 300°F to cure the adhesive, it waa dis- 
covered that the silver fin had become discolored. A second sample was prepared with- 
out adhesive and placed in an oven at 200°F. It also became discolored after a few 
hours exposure. This indicated that the copper had diffused into the silver at high 
temperature. Sheldahl was contacted, and they subsequently performed similar tests at 
their facility. They confirmed Vought’ s conclusions. Sheldahl measured the abler. absorp- 
tivity prior to and subsequent to heating. This measurement showed that the absorptiv- 
ity had doubled. The higher value of solar absorpxivity is unacceptable for flexible 
radiators. Thus copper/silver backed Teflon was rejected for use in this application. 

3.0 Progress on Major End Items 

The design requirements phase 1 b nearing completion. One transport fiuid, FC88, 
remains to be tested for compatibility and permeability in Hytrel and FEP Teflon tubing. 
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These teste should be completed within the next two weeks. Meteoroid penetration 
tests ere In progress, but final results will net be available in time to Influence 
the design of the prototype radiator system. Preliminary results will he available 
to verify equations used in the design, and could Impact the program if major dis- 
crepancies are observed. Design drawings ate being prepared for tooling to i« nina *; e 
the radiator, and for components such as the deployment drum which are not affected 
by the unresolved items in the design requirement phase. Rheldahl Advanced Products 
Division has been contracted to fabricate the fin material for the radiator, and 
delivery is expected by 30 November 1976. 

4.0 Work Scheduled During the Next Reporting Period 

Work during the next monthly reporting perJod will be directed towards finalizing 
the design requirements studies and initiating the detailed design drawings for fabri- 
cating the system. 
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1.0 Overall Progress 


Work during the fourth reporting period has been concentrated on the design 
requirements and design phases of the prrgraa, and addresses the following sub- 
jects: 

1) transport fluid evaluation 

2) transport tubing evaluation 

3) U.V. degradation of flexible radiator adhesives 

4) fabrication tooling design 

5) detail design drawing 

Studies documented in previous reporting periods have established a basis for 
designing the system. The purpose of the design requirements studies of this re- 
porting period have been to reduce cost and Improve the radiator performance. The 
search for better fluids and tubing during the last reporting period has eliminated 
several possible candidate materials but has not lead to improvements in the system 
design, U.V. degradation tests on adhesives are being conducted at NASA Langley 
Research Center to determine whether it is possible to delete the Silver/Inconel 
vacuum deposited coating currently being employed to protect the adhesives from 
solar exposure. There is a potential for significant cost reduction if it is de- 
termined that the glue is not vulnerable to U.V. radiation and therefore does not 
require the protective Silver/Inconel coating. 

Tooling for fabricating the radiator panel will be produced during the next 
reporting period, and the fin material will be laminated at Sheldahl Advanced 
Products Division. This will initiate the fabrication phase of the program. 

2.0 Progress on Individual Major Areas. 

2.1 Transport fluid/tubing evaluation: Fluid/tubing compatibility and 

permeability tests were conducted with 3M fluids FC 77 and FC88 and transport 
tubing constructed from Dupont Hytrel and FEP Teflon. The tests showed that the 
fluids permeate the Teflon tubing at unacceptable rates, and weaken the Hytrel 
tubing to such an extent that it cannot withstand the required internal fluid 
pressure. Permeability does not appear to be significant for the Hytrel tubing. 
However, at temperatures above 150°F the material creeps at a prohibitive rate 
when exposed to the FC fluids at operating pressures. The tubing does not creep 
when it is pressurized with N 2 gas at 200°F, 

2.2 Adhesives Tests: Small samples consisting of films of adhesive coated 

on 1" diameter aluminum disks were prepared and shipped to NASA Langley Research 
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Center for U.V. degradetion Meting. The ...pi., toileted « the time of thi. 
report .ore preporod with General Electric SR-585 end SR-574 edheelvee. Two type. 
Of ee^lee -ere med. with SR-585 adheelve. On. he. the .dhe.ive fll. expc.ed 
directly to . ,ecu«-U.V. environment. The e.cond he. the .dhe.l.e covered with 
* of Teflon/Silver wire «.h r.di.tor fin materiel. * .ingl. co „. 

.true ted with SR- 5 74 edheelve enpoeed directly to the vecuum-U.V. environment. 
Materiel, heve been ordered to prepere edditlonal sample. with SR-574 end 573 
edheeiv... The expoeur. teet. will Let epproximetely 30 deya. The purpoe. of 
the teat. i. to detente, whether a layer of Silver/Inconel 1. required in the 
flexible redletor fin m.teri.1 to protect the adheeive fro. the aolar flux. Addi- 
tional a amp lee are being con.tructed to determine the peel .trength of the edheelve.. 

.3 Design: Design drawing, war. produced for a tooling plat, to be used in 

fabricating the radiator panel. A conceptual .ketch of the plate 1. given in Progr... 
Keport Ho. 2. Material, for the tooling plate have bate ordered, and fabrication 

I T"' IT th ‘ ““ r ‘ P °" ln ‘ P " l0d - W ” k "" t». design drrwing. 

for the . lexible radiator penal and d.ployment/r. traction ay.t.., 

3.0 Progress on Major End Itens 

^h® Program la on schedule. The de.lgn requirement, ph... has b.en completed, 
and work is in progress in the design phase. 

4.0 Work Scheduled During the Next Reporting Period 

The fabrication ph.ee will begin during the next reporting period. Tooling 

* b ' f,brlC,ted “ V °“" ht - '*• radiator fin m.teri.1 will be laminated 

at Sheldahl Advanced Product. Dlviaion. A meeting will be acheduled with NASA JSC 
to review the design phase effort. 
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Monthly Progress Report Ifo. 5 
Development of a Prototype Flexible Radiator System 


1.0 Overall Progress 

s ssSSH!'” 2 isr 

1) radiator design for selected transport fluids 

2) UV degradation of flexible radiator adhesives 

3) lamination of radiator fin materials 

M msoMning of tooling platen for fabricating the radiator panel aenoBbly. 

ssssissr 

enp&ed £ p^cf^^ 

material consisting of silver wire mesh and FE?Teflon was faSi^te! 
at Sheldahl Advanced Products Division. A toeing 

ma erials to transport tubing is being produced by the Vought SES Laboratory. * 

2.0 Progress on Individual Major Areas 

rate, of t £&*£ ESSStSSS SB^ VwS 

£r r ^v~‘£?^sss s&^nrssz 

data in Fiff^l J"* 3 ° f Parallel tubes of the flexible radiator. The 

.* f *{* Pi f* 1 are determined ty methods described in reference i*» ) Th*v nh^w 
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TABLE I 

COMPARISON OF FLEXIBLE RADIATOR DESIGNS 


1 


DESIGN VARIABLE 

RS-B9A 

COOLAHOL 15 

Radiator Panel Length 

24.1* 

25.7' 

Radiator Panel Area 

76.9 Ft 2 

82.0 Ft 2 

Radiator Panel Width 

38" 

38" 

Number of Tubes 

50 

50 

Tube Spacing 

0.75" 

0.75" 

Tube Outside Diameter 

0.125" 

0.125" 

Tube Inside Diameter 

0.0625" 

0.0625" 

Relative Weight* 

51.3 lb 

58.3 lb 

Pressure Drop 

33.0 psl 

25.5 psi 

Bending Moment for 10" Dia Drum 

14 in-lb 

14 in-lb 

Minimum Outlet Temp. (100°F Inlet) 

-20°F 

-70°F 

Radiator Fin Bnisslvity 

0.71 

0.71 

Radiator Fin Efficiency 

0.943 

0.943 

Spring Dimensions (5" Dia Mandrel) 

.0167" x 3" x 29' 

.0167" X 


•The relative weight includes manifolds, the deployment drum, retraction springs, 
transport tubing and fittings, transport fluid, radiator fins, and the weight 
penalty for fluid pressure drop. 
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this i a done, the limits of stable operation will influence the design of the 

*“• ">« magnitude of th. effect i, unknown ,t the presume! A 

I“ nd !? la ‘“Ing conducted to eetablloh a prellrrlnery controller 

design for flexible radiators, 

availability of Coolanol 15 for future flexible radiator applications is 

^ ?” ° urrently only kkl fi 8llor18 in existence, and the manufacturer 

(Monsanto) does not plan to continue production. The minimum order required to re- 
open production is 7000 gallons at the current price of approximately $110 per gallon. 

?*f rt rad if t0r deai « n8 summarized in Table I are based on results given in 
Figures 2-10. Figure 2 gives the bending moment which must be supplied by retraction 

+ ^ nSS ^° W f aP radiator panel ftround a 10 " d i 8 - deployment d?™ for various 
u ing diameters and spacing. Since the tubing must be connected to manifolds with 
standard sized fittings, only two diameters, .0625" and .125", given Tthe abscissa 

2 ”«1 fhf Pr “ tlCSl for tJ “ t«t articled Z 

ultb i.oJJPSTSLr^ re !J ulr ‘ !d . < '° “ upport the lending moment associated 
Mizn tne 0.125 ID tubing is much greater than for the 0.0625” ID tubing. 

Figures 3-6 show the effect of tube spacing and diameter on required radiator 

. ^ ?f/ he tW ° tranB P° rt fluids. The figures show that the panel 
is r ® iativel y sensitive to tube spacing and is smallest for close tube spacing. 

e spacing less than 0.75 is not practical because of weight considerations anH* 
associated problems in fabricating the radiator panel. considerations and 

Figures 7 and 8 give the system wet weight as a function of tube diameter and 
spacing. The curves show that the minimum weight occurs at diameter intermediate to 

°f • 0625 ’’ “ d °- 125 "- 80weTer - «“ weiSt obtS»IT“r 0625" 
m and O.75 spacing is only a fey pounds greater than the minimum possible value. 

SLflfLH S 5 * , Fl8S - 7 “ d 8 a weight penalty Vor pumpl^poier 

SneliL “IJ’fS aS ?rJ" B a P f n ! llty f “ tor ° f 5 1 * 0 *>•/»» and a combined p^p/motor 
hfSwl™ ? d °! B not inolude the weight of a deployment box or ofother 

rdware which is independent of the radiator panel configuration. 

m „ F ° r r8f «ren c e purposes, the pressure drop across the radiator panel is given in 

1 2* ? ata Siven ln th ® flffUres includes the pressure losses in the 
manifolds, and minor losses at the tube fittings. 

- + J Co " 8dd ® rin S radiator panel stiffness, weight, and area, and the practicality 
of standard tube sizing; a tube spacing of 0.75” and tubing ID of 0 0625” is rejoin- 
mended. The reoulred tubing OD for 90* survivability for a 30 day iiasLn LT 
^c^meteoroid ennronment is 0.125". This leads Jtbe radlatofdfs^jTised 

of winJ! 1 1 15 J ter suited for this application than RS-89a because 
of low temperature operating characteristics. However, because of the possibility of 

Coolanol 15 being unavailable for future applications, it is recommended that th^ 
prototype radiator be tested with RS-89a. 

2.2 Ultraviolet Degradation of Flexible Radiator Adhesives 

. MAC , A t A 30 , day solar exposure test of General Electric SR 585 adhesive is in progress 
at NASA Langley Research Center. The test sample consists of a small section of flexi 

hisive dia 5£ r ln ? at ? rial bonded t0 a polished aluminum test fixture with SR 585 ad- 1 
h ^ Jf 1 * sampie is tested in a vacuum environment with the ultraviolet flux directed 

It It SSr t I an ? Pare " t fld ratdrldl - approximate the shieling 6 ** 

of the adhesive by the fin material that would actually occur in a solar nr W 
application of the flexible radiator. However, the presence of the 
x ure could have an undesirable effect on the test results. The fin material and 
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adhealve are transparent so that the aluminum mounting fixture Is visible through the 
es specimen. Thus the emittance and abBorptanee measurements made for the test 
sample Include the properties of the aluminum fixture. If the adhesive reacts with 

fix ^ e f uc ? thftt i1: chan E« a the aluminum surface properties, the effects 
of the degraded aluminum properties will be Indistinguishable from those which would 
be associated with the degradation of the adhesive. Also, since the solar absorptance 
i he ^' umi num is relatively high, the equlibruim temperature of the test sample is 

J he normal °P« r ating temperature of the radiator. Data for the first week 
of testing show that the measured solar absorptivity of the test sample is increasing 

° f ^ expoaure * This could mean that the adhesive is degrading and 
would thus require protection from solar exposure. The present plans are to continue 

t0 , Se f if the early trends continue, and to try to devise an alternate 
test which better simulates the actual radiator operating conditions. 

2.3 Lamination of Radiator Pin Material 

Sheldahl Advanced Products Division fusion bonded silver wire mesh to Teflon 

^°, Pr0 ^ Ce thC f* n ® a * erial to be ^ed in the flexible radiator. The fin material 
is produced on a roll laminating machine which employs matched heated rollers to 
increase the temperature of the Teflon to the melting point and to press the silver 

i ?l ;0 the . mo ^ en . f 11111 * is an unusual laminating process which required 

^ f J cat + on and adjustment of the roll laminating equipment. Sheldahl had requested 
that Vought supply three times the quantity of materials actually required. They 
actually needed only twice the required amount and thus were able to produce more fin 
material than is needed to fabricate the radiator. However, the silver wire mesh 
(purchased from Newark Wire and Cloth Company) is relatively non-uniform, and as a 
result, not all of the fin material produced is usable. The excess fin material not 
used in the prototype radiator will be stored and eventually used to make smaller 
sections of radiator for element tests and demonstration purposes. 

. . Because of the high cost and relatively poor quality of the silver wire mesh, 

VG ^ d ? rS .° r mat ® rials 8UCh expanded silver metal foil should be considered. 
The mesh used in the prototype radiator contained several small void areas where wires 
had been skipped in the weaving process; and large sections were severely distorted, 
apparently as a result of stretching the wire when stowing it for shipment. The 
small diameter wire is very flimsy and easily damaged. 

2.U Machining of Tooling Plates for Fabricating the Radiator Panel Assembly 

. .. „ The . P late Ascribed in the Progress Report No. 2 is being fabricated 

in the Vought SES Laboratory. The fabrication of the plate should be completed during 
the next reporting period. 6 


3.0 Progress on Major End Items 

The program is on schedule, 
tion phases. 


Work is in progress in the design and fabrica- 


4.0 Work Scheduled During the Next Reporting Period 

. + ? ie °Y degradation tests of adhesives at NASA Langley Research Center and the 
fabrication of tooling plates in the SES laboratory will continue. Otherwise very 
littie activity is scheduled during December 1976. The next fabrication phase activ- 
ities depend on the outcome of the adhesives tests. Vought funded Research and De- 
velopment will be conducted during December 1976 to prepare for future bid opportuni- 
ties on long life flexible radiators and to develop a control system for the prototype 
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MONTHLY PROORESS REPORT NO. 6 


DEVELOPMENT OP A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 


1.0 Overall Progress 

Work during the sixth reporting period has been concentrated on the design and 
fabrication phases of the flexible radiator development program and addresses the 
following subjects: 

1) Ultraviolet degradation of flexible radiator adhesives 

2) Machining of tooling plates for fabricating the radiator panel assembly. 
Ultraviolet degradation tests are being conducted at NASA Langley Research Center 
to determine whether it is possible to delete the Silver/Inconel vacuum deposited 
coating currently being employed to protect the adhesives from solar exposure. A 
tooling plate for laminating the composite flexible radiator fin material to trans- 
port tubing is being produced by the Vought SES laboratory. 

2.0 Progress on Individual Major AreaB 

2.1 Ultraviolet Radiation Degradation of Flexible Radiator Adhesives. 

The vacuum/solar degradation test of General Electric SR 585 adhesive at NASA 
Langley Research Center was terminated after two weeks exposure. The solar 
absorptivity data collected during the test and presented in Table I show that the 
properties of the adhesive did change appreciably as a result of the vacuum/ultra- 
violet radiation exposure. 


TABLE I VACUUM Ultraviolet Radiation Degradation of 
General Electric SR 585 Adhesive 


Test Condition 


Solar Absorptivity 


Ambient Air 0.260 
Vacuum 0*2T3 
After 5 days in vacuum 0.282 
After h2 hrs vacuum/UV exposure 0.291 
After 68 hrs vacuum/UV exposure 0,302 
After 159 hrs vacuum/UV exposure 0.312 
After 325 hrs vacuum/UV exposure q! 354 


The adhesive sample waa examined under a microscope following the test to 
determine whether the abaorptlvity measurements actually reflect physical degrada- 
tion of the adhesive. As described in Progress Report No. 5, there was some concern 
that the aluminum test fixture to which the adhesive was attached might Influence 
the test results. However, the post test examination revealed that the adhesive 
had darkened B and therefore, would necessarily have a higher absorptivity than It 
initially had as a transparent film. Small sections were observed where the ad- 
hesive was not in contact with the alumimum test fixture. These sections had the 
same appearance and color as the sections which were in contact with the aluminum. 
Hhis indicates that the adhesive had degraded independently of the test fixture, 
and that the changes in the solar absorptivity measurements are tied directly to 
the physical degradation of the adhesive. Because of the magnitude of the absorp- 
tivity Increase in Table I, the SR-585 adhesive is unacceptable for the flexible 
radiator application unless it is protected from solar exposure. 

A second tost specimen was prepared with SR 573 adhesive and shipped to NASA 
Langley for testing. If this Bample does not degrade t SR 573 will be used to 
fabricate the radiator. If the adhesive does degrade, the radiator will be fabri- 
cated with either SR-585 or SR-573 adhesive, and a protective coating of Silver/ 
Inconel will be provided as originally planned. The tests at NASA Langley will 
be terminated in January 1977. 

2.2 Machining of Tooling Plates for Fabricating the Radiator Panel Assembly 

The Vought SES Laboratory completed work on the Flexible Radiator tooling 
plate. A plumbing system is being fabricated to connect the plate to the Vought 
12 diameter vacuum chamber. The vacuum equipped plate will be used to hold the 
radiator panel and tubing in position for lamination. The radiator will be lamina- 
ted during February 1977, 
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3.0 Progress on Major End Items 

The Flexible Radiator thermal vacuum test at NASA-JSC has been rescheduled for 
November 1977 to coincide with the availability of the NASA-JSC vacuum chamber. 

The revised Flexible Radiator development program schedule is given in Fig. 1. The 

design phase of the program is essentially complete. Work is in progress on the 
fabrication phase. 

..0 Work Scheduled During the Next Reporting Period 

The ultraviolet degradation tests of adhesives at NASA Langley Research Center 
will continue during January 1977. The flexible radiator deployment drum, manifolds, 
and fittings will be fabricated in the Vought SES Laboratories. 



3.7 Tech Assessment 
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MONTHLY PROGRESS REPORT NO. 7 


DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 


1.0 


OVERALL PROORESS 


«« *»,. 4 ??** du ? in * the " eventh "Porting period has been concentrated 

S o ™ f rS iC ii i0n and *! eB i plannlng phRBea of the flexible radiator development 
program and addreasea the following aubjecta. 


1. Ultraviolet degradation of flexible radiator adhealvea 

2. Fabrication of manifolda and the deployment drum 
3* Computer math modela for pre-teat predict iona 

4. Selection of time and place for thermal vacuum teating 

5. Kyperveloeity impact teating 
PR00RE8S ON INDIVIDUAL MAJOR AREAS 


2.1 


Ultraviolet Radiation Degradat ion of Flexible Radiator Adhealw 


T , 0 IVo samples of flexible radiator adhesivea were teated at NASA- 

i5hfi?v* R ! HearC i Center * *}* fir8t ®®ople eonBiata of General Electric SR -585 
frm 0 te8t firbure ’ aolar abaorptivity increased 

datJLon * ^ 5 durlng 503 h0ur8 of ex P° 0d "* ‘though this rate of degra- 
8 * Vere m ® aBured for * P" ' v3 aample of SR -585 adhesive 

. radiator fin material, it ia unacceptable for this 

flexible radiator application. The aecond sample conaibta of a aectlon of flexi- 
ble radiator fin material glued to an aluminum teat fixture with SR-573 adheaive 
The solar abaorptivity measurements for the sample are given in Table I. 


TABLE I 

UV EXPOSURE DATA FOR GE SR-505 ADHESIVE 
Test Conditions 

In air before exposure to vacuum 
In vacuum prior to UV exposure 
In vacuum after 19 hours UV exposure 
In vacuum after 66 hours UV exposure 
In vacuum after 180 hours UV exposure 


a 

0.230 

0.233 

0.256 

0,26l 

0.279 


The results show that the rate of degradation 
flexible radiator requirements. NASA- Langley 
adhesive sample without radiator fin material 


for SR-573 is too great for the 
has requested a second SR-573 
. This sample is being prepared 
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t. Because of the increase in solar absorptivity measured for +-h» 


2.2 


Fabrication of Manifo lds and Deployment Drum 


being welded inio 


2.3 


Computer Math Model 


Pre-test Predi£LL“£r' 

2TJS*SJ5 t0 e T dlt v the SEwS; 2l 0 i. 

sSSSt - 

iiso^x^ i «e“SL° sj^zzrjxz: T^iuri 

=s xxirird s S£HE r 
L'irlrT^^ 

the first moaei nSf T^ ^'v" adJaeant tutea »bieh are not accounted for in 
after a method of control has'SfestablSed^i^he 

2 ' 1 * Selection of Time and Place F o r Thermal Vacuum Teatiny 

facility durin^f™?? 014 ^ ^VJ* *?** ' ,0 ' ad ba P«*o™«> at their 

was made prima^eca^ »Sa Ss t'L^cacaMUtvM*^ T?" *?“ at V °'« ht 
Whereas .ought can provide only S^SSS^ 0 £"£ “tlS SSST 

see 

2 *5 Hypervelo city Impact Test Results 

concluded in December 1 ^' “ihXS?. renoXT “ T**" 44M u "^ a hsity were 
results indicate that the ballistic equation dLc^b^dln^rSss^rt^. 1 


/\~IOO 


provides an accurate means for computing the depth of penetration of 
hypervelocity projectiles in Teflon transport tubing material. This equa- 
tion has been used as a basis for determining the tube wall thickness 
required for survival in the near earth micrometeoroid environment. 
Therefore, no design changes are required as a result of the Texas A&M 
study. 


3.0 PROGRESS ON MAJOR END ITEMS 

The Flexible Radiator thermal vacuum test at NASA/JSC has 
been rescheduled for July 1977 - The revised Flexible Radiator development 
program is given in Figure 1. The design phase of the program is essen- 
tially complete. Work is in progress in the fabrication and test planning 
phases. 


1*.0 WORK SCHEDULED DURING THE NEXT REPORTING PERIOD 

Work will continue in the fabrication and test planning 
phases of the program as shown in Figure 1. 


MOl 


development program schedule 
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MONTHLY PROGRESS REPORT NO, 8 
DEVHOPMBW OP A PROTOTM* FUSIBLE RADIATOR SYSTEM 


1.0 


OVERALL PROGRESS 


2.0 

2.1 


the fabrication , ha ® been concentrated on 

program and addresses the following subjects! flexible radiator developaen 

1. Silver/ Inconel coating of fin material 

2. Computer math models for pre-test predictions 

3. Design of Table for 1-g deployment of radiator 

4 * Preliminaiy te8t Be 9uence and requirements list 
PROGRESS ON INDIVIDUAL MAJOR AREAS 
Silver/Inco nel Coating of Fin 

Position fSiliSes^o^hat th^m^a^ 11 upgradln « their vacuum de- 
fin material in a continuous seJtloJ Prtlil * the flexible radiator 
bilities to coat k' x 8* sheet! w\ Previously they have had the eapa- 

it 1 ^!!! 1000061 ° n contlnuou8 rolls of raterial^Thi! 1 ? to va ° uun deposit 
y remove the requirement for having to eut iB ? lgnlficant because 
apply th, coating. and awb.^u.ntly Triplet rS.? * 

2,2 Computer Math Model 

pne-teet. pr^S™*^ *«»*«« to perform 

A-i-st model is designed to expedite the Jf at ? P thermal vacuum test. The 

th! 6 th f f 1Uld ° Utlet temper Sure by t r egul!ti!rth t °L* ** thod for control- 
the rauihtor panel, it models a tvnie!?^!! 1 6 ** tent of deployment of 
parallel flow passages, it account^for fi!ia P ? th ff thor than a bank of 
also models the thermal interactions betwe^^*® t J® e ln the “^ifolds and 
Panel as the radiator is rolled S!nr!!?!!e! Ja !! nt eleaents <>f the radiator 
model will be employed to test nenrt-t* ^®d from the deployment drum. This 
and will not retire ey«£, 

being developed is much more complex *n* , ?* second computer model 

“ ' h «‘ betvee' “.‘S '™'? 1 faction. each 

the firet model, it will be employed to “““"nted for in 

after e method of control h.e been^tebi^eY^tt 

2.3 


Dealt 


~ f Table for *"« Deplo yment of 


- .:-r r„-rzrsrr£,r • -snstst 
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fabricated by HASA-JSC. Ambient deployment teatfl will be conducted at 
Vought on an existing table to confirm the design principles of the new 
table prior to fabrication. The existing table is unsuitable for the thermal 
vacuum tests. Ambient tests will also be performed with the new table at 
NASA prior to thermal vacuum testing. 

2* ** Preparation for Thermal Vacuum Testing 

A preliminary list of instrumentation and NASA-SESL support equip- 
ment requirements was prepared and submitted to NASA- JSC. A preliminary 
test sequence which describes a recommended approach for measuring the 
flexible radiator performance is enclosed in Appendix A. Analysis pertaining 
to the optimum spacing and power requirements for IR lamps is given in Appendix 
B. A detailed test schedule which includes the dates that all test documenta- 
tion will be submitted to NASA JSC is being prepared by M. L. Fleming. 

3.0 PROORESS MAJOR END ITS4S 

The design phase of the program is essentially complete. Work is 
in progress in the fabrication and test planning phases. 

4.0 WORK PLANNED DURING THE NEXT REPORTING PERIOD 

Work will continue in the fabrication and test planning phases. 
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APPENDIX - A 

PRELIMINARY flexible radiator test sequence 


SOLAR AND INFRARED ENVIRONMENT , T - 0°F 
0. Measure *( , to 

Deployment, T „ « 100°F, ft ■ 176 d/hr . 

Steady State Heat Rejection, T IN ■ 100°F, T QUT » 40 F, W s 17 /hr 

Environment Calibration, W * 0, Tjjj “ w 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 


Flow Stability Limit ,T I}} * 100°F, ft * 176 d/hr 


100°F , T 


OUT 


40°F, 


Recovery From Flow Instability 
Retraction, T^ - 100°F, ft - 176 d/hr 
Half Deployment, T JN ■ 100°F, ft = 88 d/hr 
8. Steady State Heat Rejection, Half Deployed, T JN 
ft a 88 d/hr 

Flow Stability Limit , T JfJ - 100°F, Half Deployed 
Recovery From Flow Instability, Half Deployed 
Retraction, T JN ■ 100°F, W * 88 d/hr ^ 

Steady State Heat Rejection, Retracted, T JN - 100 F, T 0UT 

ft * 10 #/hr 

13. Deployment, T - 200°F, ft - 400 */ hr , 

Steady State Heat Rejection. T - 200°F, T 0UI - W°F. « « *>0 P/hr 


9. 

10 . 

11 . 

12 . 


40°F, 


14. 

15. 


Flow Stability Limit, T IN “ 200°F, W* 400 d/hr 


l6. Recovery From Flow Instability^ 

Half Retraction, T^ » 200°F, ft * 400 if /hr q 

Steady State Heat Rejection, Half Deployed, T JN ■ 200 F, T^ • OF, 

ft * 400 d/hr 

Flow Stability Limit, Half Deployed, Tj N « 200 F 
Recovery From Flow Instability 

Retraction, - 200°F. W = 200 I tor q 

Steady State Heat Rejection, Retracted, T IH - 200 F, T olra * 0 F, 

ft « 200 d/h r 


17. 

18. 

19. 

20 . 
21 . 
22 . 


23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 


Deployment, T in ■ 25°F, » * 
Outlet Temperature Control, 

176 d /hr 





ft » 176 #/hr, 

T ■ 

• IN 

100 P 

n 



Outlet Temperature Control, 

ft • 400 #/ hr, 
• 

T * 

a in 

200 F 



Solar Exposure, T IJ} * 100 F 
Steady State Heat Rejection 

, W * 176 d /hr 


** • 

176 

ii / hr 

, t in " 100 ° p » 

T * 

OUT 

40 F, W sr 

Steady State Heat Rejection 

, T in - 200°F, 

T ■ 

OUT 

40°F, ft - 

0 

0 

d /hr 

Environment Calibration, W 

* 0 * t in « 0° 

F 





Measure , £ 

•Transient response data to be obtained during these test points. 
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PRELIMINARY FLEXIBLE RADIATOR TEST 
SEQUENCE-CONTINUED 

B. COLD ENVIRONMENT , T * -300°F 

1. Deployment, T^ ■ 100°F, W ■ U50 #/hr 

2. Steady State Heat Rejection, T^ ■ 100°F, T^^, » 40°F, W “ i*50 #/hr 

3. Flow Stability Limit, T IN - 100°F, W = 1*50 #/hr 

4. Recovery From Flow Instability (IR Lamps) 

5. Retraction, T IH «= 100°F, W = 450 #/hr 

6. Half Deployment, T^ * 100°F, W * 225 #/ hr 

7. Steady State Heat Rejection, Half Deployed, T JN « 100°F, T Q ^ = 40°F, 
W » 225 #/hr 

8. Flow Stability Limit, T^ - 100°F, W = 225 #/hr, Half Deployed 

9. Recovery From Flow Instability, Half Deployed (IR Lamps) 

10. Retraction, T tm « 100°F, W «= 225 #/hr 

IN ’ 00 

11. Steady State Heat Rejection, Retracted, T IN » 100°F, Tq UT ■ 40°F 

12. Flow Stability Limit, T^^ * 100°F, Fully Retracted, Recovery 

13. Deployment, T in ■ 200°F, W * 1000 lb /hr 

14. Steady State Heat Rejection, T JN = 200°C, T QUT ■ 4o°F, W s 1000 lb/hr 

15. Plow Stability Limit, T JH * 200°F, W * 1000 lb /hr 

16. Recovery From Flow Instability 

17. Half Retraction, T JN = 200°F, W *» 1000 lb/hr 

18. Steady State Heat Rejection, T JN * 200°F, T 0UT » 40°F, W * 500 #/hr 

19. Flow Stability Limit, Half Deployed, Tj N «» 200°F 

20. Recovery From Flow Instability 

21. Retraction, T JN ■ 200°F, W = 500 lb/hr 

22. Steady State Heat Rejection, Retracted, T IK ** 200°F, Tq^ = 40°F 

23. Flow Stability Limit, T^ « 200°F, Retracted 

24. Recovery From Flow Instability 

25. Deployment, T IH = 25°F, ft “ 450 #/hr 

26. Outlet Temperature Control^ W = 450 #/hr. T IN » 50 - 100°F 

27. Outlet Temperature Control^ W ■ 1000 #/hr, T JN «* 75 -* 200°F 

28. Steady State Heat Rejection, Deployed, T JN - 200°F, T ou , f - 40°F 


•Transient response data to be obtained during these test points. 
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MONTHLY PROGRESS REPORT NO. 9 
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 


1.0 OVERALL PROGRESS 

Work during the ninth reporting period has been concentrated 
on the fabrication and teat planning phases of the flexible radiator develop- 
ment program and addresses the following subjects. 

1. Computer Math Models for Pre-Test Predictions 

2. Preliminary Test Sequence and Requirements List 

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS 

2.1 Computer Math Modal 

Two SINDA thermal math models are being prepared to perform pre-test 
predictions for the flexible radiator thermal vacuum test. The first model is 
designed to expedite the development of a method for controlling the fluid 
outlet temperature by regulating the extent of deployment of the radiator 
panel. It models a typical flow path rather than a bank of parallel flow pas- 
sages, accounts for fluid lag time in the manifolds and also models the thermal 
interactions between adjacent elements of the radiator panel as the radiator is 
rolled or unrolled from the deployment drum. This model will be employed to 
test candidate methods for controlling the system, and will not require excessive 
computation time. The second computer model being developed is much more complex, 
and simulates thermal interactions such as the heat transfer between adjacent 
tubes which are not accounted for in the first model. It will be employed to make 
the finalppre-test predictions after a method of control has been established 
from the simpler model. 

2.2 Preparation for Thermal Vacuum Testing 

A preliminary liBt of instrumentation and NASA-SESL support equipment 
requirements was prepared and submitted to NASA-JSC. A detailed test schedule 
to be submitted to NASA-JSC is being prepared by M, L. Fleming. 

3.0 PROGRESS MAJOR END ITEMS 

Work is in progress in the fabrication and test planning phases. 

4.0 WORK PLANNED DURING THE NEXT REPORTING PERIOD 

Work will continue in the fabrication and test planning phases. 
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MONTHLY PROGRESS REPORT NO. 10 


1.0 OVERALL PROGRESS 

Work during the tenth reporting period has been concentrated on the fabri- 
cation and teat planning phases of the flexible radiator development program and 
addresses the following subjects: 

1. Flexible radiator panel element fabrication 

2. Flexible radiator panel element thermal -vacuum test 

3. Solar absorptivity of the radiator fin material 

k. Planning and Analysis of the prototype thermal-vacuum 
test at NASA-JSC. 

5. Submittal of Technical Paper 

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS 

2.1 Element Fabrication 

An element test panel was fabricated to check out materials and manufacturing 
techniques for the prototype radiator. No significant problems were encountered 
in fabricating the element, and no scale up problems are forecast for the prototype 
panel. The element was assembled using a grooved vacuum tooling plate described 
in earlier progress reports. Subsequently, the element panel was removed from the 
plate and heated in a vacuum bag to cure the adhesive used to bond the two halves 
of the fin material around the transport tubing. Thermocouples were installed 
between the two layers of fin materials. 

Some small problems were noted which can be avoided when fabricating the 
prototype. When assembling the element, the half of radiator fin material which 
is placed on top of the transport tubing and the opposing half of the radiator held 
in place by the grooved plate was pre-formed to provide grooves for the transport 
tubing. However when the pre-formed half was placed in position it did not fit 
properly over the tubing at the outside edges of the tooling plate, and had to 
be reformed during assembly. This problem is believed to be caused by tolerance 
buildup in the depth of the grooves in the tooling plete. The grooves are 
slightly deeper than required so that more fin material is required for the bottom 
half of the radiator than for the top half. Further work with the element 
showed that it is not necessary to pre- form the entire top half of the radiator 
panel. If the center of the panel is pre-formed the top half can be aligned with 
the bottom half using the center tubes, and the outside edges of the panel can then 
be formed to fit as the system is assembled. This minimizes the wear of the fin 
material. a m 


- 1 - 


' HW-aag:> ; 


.• um- "rtasmerammrj* 


Hi lii 


A second problem associated with wear during assembly occurs when the fin 
material Is pressed too firmly against the sharp edges of the grooves of the 
cooling plate. If this is done the fin stock is severed where it connects to the 
transport tubing and the thermal contact between the transport fluid and radiator 
fin is lost. This occurred on one tube of the element over a distance of 
approximately 2 inches. This is less than 0.1* of the area of the element 
panel. A redesign of the rollers used to press the fin against the tubing is 
required. Additional elements should be made to check the new design before 
attempting to produce the prototype radiator. 

Because the element panel wae not constrained during the adhesive cure 
cycle the Teflon fin material shrank such that the area of the panel was reduced 
by approximately 10*. This will not occur in the prototype radiator because the 
panel will be secured to the aluminum tooling plate during the cure cycle. 

However, shrinkage of the Teflon is a potential problem for applications of the 
flexible radiator when the transport fluid temperature is maintained at a high 
level for long periods of time. Additional data are required to determine whether 
this problem will be significant for typical operating conditions. 

The shrinkage of the Teflon did create a minor problem in the fabrication 
of the element because the spacing of the transport tubing changed during 
fabrication so that the tubing could not be easily attached to the rigid manifolds. 
It was necessary to loosen the glue line connection between the tubing and 
fin material for 0.75" sections at the ends of the element panel in order to 
attach the tubing to the manifolds. This destroyed the thermal connections between 

the tubing and the fin material at the ends of the panel (about 8.5* of the total 
panel area. ) 

The presence of the thermocouples between the layers of fin material does not 
appear to cause any detrimental effects. However, the appearance of the radiator 
is improved if the thermocouple wire is not permitted to cross the transport tubing. 

There were no problems with leakage of transport fluid at the manifold 
connectors, and the flow distribution within the parallel tubing network was 
found to be uniform. The R.M.S deviation from the average flow for the 
individual tubes was found to be less tl -\n 5 JS. 


2.2 


Element Teat 

Figure 1 shova the flexible radiator element as installed in the vacuum 
teat chamber. The three tubea at the center of the panel are inatruraented with 
Lhermocouplea at the entrance, mid-plane, and exit sections aa shown in Figure 2. 
Thermocouples were alBO installed at the fin raid points between the three center 
tubea to determine the thermal resistance between the fins and the tubeB. The 
inlet and outlet temperatures are measured with immersion thermocouples, and the 
fluid t&ype.ratiu • drop across the element is determined from delta connected 
immersion thermocouples. The cold walls of the vacuum chamber are instrumented 
at four locations above, below, and at the sides of the test article. The 
cold wall thermocopul es are located at the mid points of the fins . 

All teat article and facility data were recorded by hand on data sheets. 
Readouts of the panel thermocouples were made on a digital temperature indicator 
capable of reading to 0,1°F. Readings from the delta connected thermocouples 
measuring inlet and outlet temperatures were displayed on a digital voltmeter 
capable of reading to 0.001 mv. The temperature of an ice bath was recorded with 
each data set to provide a real-time check of accuracy. A complete list of test 
equipment is given in Table I. 

Prior to installing the element in the test chamber, the flow in individual 
tubes was meas>ired by collecting water in open beakers. The flow distribution 
measured for the vventy five parallel to.es of the element is given in Figure 3. 

Thermal-vacuum test data were recorded for inlet temperatures of 100°F and 
200°F over a range of flow rates in the laminar flow regime. The vacuum chamber 
cold walls were maintained at approximately -300°F throughout the test. 

A nalysis of Environment 

Ihe chamber cold walls do not absorb all of the radiation emitted from the 
test article, but reflect part of it back on the panel. Part of the reflected 

radiation is absorbed by the element so that the net rate of heat rejection is 
reduced. 

The radioait.y from the els merit shown in Figure ^ is : 

J i * Vi * <Vi <J) 

when - blackbody emitted radiation 

C t;L = irradiation (BTU/hr»Ft 2 ) 
for the cold walls 

^2 ~ ^ 2^2 * ^ ( 2 ) 
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FIGURE 1 FLEXIBLE RADIATOR ELEMENT TEST ARTICLE 



TABLE I LIST OF EQUIPMENT FOR FLEXIBLE RADIATOR El 
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The equations for irradiation are: 


°1 " P 1-2 J 2 

°2 " Wl + P 2-2 J 2 


(3) 

(U) 


The net heat transfer from the element is: 

(q/A^ » J 1 - G x (5) 

Solving (l) - (5) simultaneously gives: 

(q/A)l * *lV E l ~ E 2^ (6) 

1 ~ ^ 2 P 2-2 “ ? 1 ^ 2 P 2-1 


The approximate values for the viev factors from the cold walls are 
P 2-l * * 16 

P 2-2 M 

Thus, for a cold wall emisslvity of 0.9, Eq. (6) reduces to: 

(q/A) x = 0.9875 E 1 (E 1 - E g ) (7) 

Eq. 7 Shows that the heat rejection for the reflecting cold walls 
environment is approximately 1.25* lower than would occur in deep space. 
Analysis of Data 

The heat transfer from an element in the radiator panel is: 

* n dx (8) 

where : 


1 = radiator fin efficiency 
W = width of radiator fin 
Tv ■ tube wall temperature 
Ttg ■ ambient temperature 

'S « effective emisslvity (for two sided radiators 6 « 26) 

0* a Stefan Boltzmann Constant 

The tube wall temperature may be expressed in terms of the flUd 
temperature through: 

A B | (T-Tv) dx (9) 

Where R is the thermal resistance between the fluid and the base of 

the radiator fin Solving Eq. (9) for Tv 1 * 

Tv 4 » (T -fljfS. ) k 
dx 


( 10 ) 


or 


Tv 1 * = T 4 [1 + 6 (&& ) 2 + 1 

_ „ , . jlp Tdx °V Tdx ; ‘ * ,J 

From Eq. (9) the term(®^) may be shown to be small 


( 11 ) 


Mi 

Tdx 


( 


T - Tv 
T 


) << 1 


Thus higher order terms may be neglected in Eq. (ll) 


Tv 


Y h 4 R«faT3 
dx 


( 12 ) 
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Eq. (8) becomes: ^ 

Wq « <7 W/ 6 <T (T Tg» ) d* 

1 + 4^ k w2<r“r* 

also, for conservation of energy: 

4q *»wC dT (l 4 *) 

P 

Combining Eqs. (13) and (l4), 


n w £ <r d* _ (. i^4gn»/gn' 1 ) *r 

wc p ■ (T'-T.*) 

Integrating, 


(15) 


4 t&S 

W Cp 




Equation (l6) gives flow rate as a function of inlet and outlet temperature. 
Figures 5 and 6 compares the fluid temperature drop computed from Eq. 16 with 
measured value obtained in the thermal -vacuum test. The radiator parameters 
employed in Eq. (16) to predict the radiator performance are: 

0 = 0.95 
A = 2.47 Ft 2 
£ = (2)(0.T1) - 1.42 
W * 0.0583 

C D » 0.44 BTU/lb - °F 
R = 2.29 hr - °F/BTU 
Tag = -300°F 

The measured temperature drop, and thus the heat rejection, is slightly lover 
than predicted for the ideal case analysis above. There are several small effects 
which collectively account for the discrepancy. 


a a 3 
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The main cause is believed to be poor thermal connection between the 
transport tubing and the fin material at the ends of the radiator panel. The 
loose sections of fin material at the ends of the panel are significant because the 
radiating surface area of the element is relatively small. If it is assumed that 
there is no thermal connection at the ends of the radiator where the tubing was 
loosened to make connections with the manifolds, the heat rejection is reduced 
by approximately . Variations in the silver wire mesh cross sectional 
area and spacing could lower the heat rejection by as much as The 

reflectivity of the vacuum chamber cold walls reduces the heat rejection by about 
l£, and the cold wall temperatures averaged about 20°P higher than 
had been scheduled for the test. This would cause a 1 % reduction in heat 
rejection. 

The dashed lines in Figures 5 and 6 show the predicted fluid temperature 
drop when the worst case variations in panel construction and environment simulation 
are taken into account. The measured heat rejection falls between the ideal and 
worst case curves for all test points where the flow rate and fluid temperature 
drop can be accurately measured. 

Figures 7 - 1 6 compare the measured and predicted panel temperatures for each 
test point. The agreement generally is within experimental error. The fin mid- 
point temperatures at the inlet and outlet planes are lower than expected because 
of the poor thermal connections between the fin and the tubing of these sections. 

£•3 Solar Absorptivity of the Radiator Fin Material 

The solar absorptivity of the silver backed Teflon (silver wire mesh 
laminate was measured prior to fabricating the element test article. The 
measured values generally range from 0.17 to 0.25. This is considerably greater 
than the value of 0.12 obtained for small sections of fin material tested 
earlier. The silver/inconel of the initial samples was applied in a bell Jar 
whereas the large sheets of material were coated on a roll-to-roll basis in a 
larger vacuum chamber. The values of <X measured for the large sheets will result 
in poor radiator performance, and will also impact the scheduled thermal-vacuum 
tests of the prototype panel. Additional studies will be made during the next 
reporting period to determine the cause of the problem and to evaluate its 
impact on the program. 
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FIGURE 7 FLfX/£t.e Rao)AToK- ELfME VT TEST DATA 











riGURE 9 FLEXIBLE Radiator- ELfMCMT TEST DATA 












FIGURE IO KLEX 16 L£ Rad) A ToR CLfMEUT TEST DATA 
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FIGURE FLEXIBLE RadIAToI* CLEMEMT TEST DATA 









FIGURE /* FLEX IBLZ Kao )AT&fZ ELfMEMT TEST DATA 
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FIGURE 13 FLCXlBLe Rad JAToR- CLEMIWT TEST DATA 



rtGUR E \A FLEX/BLC R*o jaToR. CLfMCAlT TEST DATA 






FIGURE /-S' FL£X*£LC RadjaToR CL CM CUT TCST DATA 





FIGURE Ur FLEXIBLE Rao|AToR. CLCMEWT TEST DATA 








2.U Planning and Analysis for Thermal Vacuum Teats 

A meeting was held at NASA-JSC on 29 April 1977 to discuss the radiator 
test instrumentation, environment simulation, test time lines, and documentation 
for the thermal vacuum test in NASA Chamber B. A decision was made to simulate 
the space environment with solar and IR lamps, IR lamps were selected over 
fluid controlled IR panels because: 

1. Reflected radiation from IR panels causes the environment 

to change with the radiator operating conditions, and causes 
the environment to be different for different locations on the 
radiator panel. Reflected radiation from the solar lamps when the 
radiator panel is partially retracted also complicates the environ- 
ment simulation. 

2. The ends of the radiator panel extend out of the region of the test 
chamber covered by solar lamps. Therefore, to provide a uniform 
environment for the radiator, the IR flux must be increased in the 
shaded areas. This is more conveniently done with IR lamps. 

3. If IR lamps are used, the effective environment can be 
measured by stopping the flow of the transport fluid and measuring 
the equilibrium temperatures of the radiator panel. 

4. Transient conditions can be simulated more easily with lamps than 
with panels. 

NASA has previously had some difficulty measuring the flux from IR lampB. 
NASA/ JSC will conduct a study to establish an accurate procedure 
for calibrating the lamps. He will also optimize the spacing and power setting 
of the lamps to insure that the emitted radiation has sufficient uniformity and 
correct wavelength. 

Additional thermocouples will be installed on the radiator panel to measure 
the equilibrium temperatures at representative locations in conjunction with 
radiometers to calibrate the environment. 

The test time line proposed in progress report No. 8 was reviewed and 
additional test points were discussed for 0°F equivalent sink temperatures 
with no solar flux. This was done to test the performance of the radiator 
with warm environments while avoiding the problems caused by non-uniformities 
of the solar absorptivity of the fin material. A revised test time line will be 
provided after the problem with the solar absorptivity of the fin material 
has been resolved. 

Work in progress on test documents was also reviewed and assignments were 
made to Individuals for writing sections of the test requirements document. 
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Ben McOhee of NASA-JSC requested that ve consider rescheduling the test for 
July instead of September because of schedule problems of other programs requiring 
the NASA Space Environment Simulation Facility. After discussing the problems 
vith the fin material and delivery requirements for the deployments retraction 
system it vas agreed that ve probably could not test in July . 

2.3 Submittal of Technical Paper 

A technical paper entitled "Flexible Deployable - Retractable Space 
Radiators" vas submitted to the American Institute of Aeronautics and 
Astronautics. The paper vill be presented at the 12th Thermophysics Conference, 
Albuquerque, Nev Mexico, June 27-29, 1977. Reviev copies of the paper vere also 
submitted to the NASA program monitor. 

3.0 PROGRESS ON MAJOR END ITEM 

Work is in progress in the fabrication and test planning phase. A problem 
has developed because of the high solar absorptivity of the fin material vhlch 
impacts the testing phase of the program. 

U.O WORK SCHEDULED DURING THE NEXT REPORTING PERIOD 

A study vill be initiated to determine the cause of the solar absorptivity 
problem. Work vill continue in the fabrication and test planning phase. 
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MONTHLY PROGRESS REPORT NO. 11 


Development of a .Prototype Flexible Radiator System 


1.0 Overall Progress 

Work during the eleventh reporting period has been concentrated 
on the fabrication and test planning phases of the flexible radiator develop- 
ment program and addresses the following subjects: 

1. Study of high solar absorptivity of radiator fin material. 

2. Rescheduling of thermal vacuum test and re-allocation of 
budget to correct the solar absorptivity problem. 

3. Substitution of Coolanol 20 for Coolanol 15 transport fluid. 

2.0 Progress on Individual Major Areas 

2.1 Solar Absorptivity of Radiator Fin Material 

The radiator fin material fabricated by Sheldahl Advanced Products 
Division has higher solar absorptivity,*' , than had been expected based 
on element test data. Two rolls of material were fabricated. The basic 
construction of the fin material is illustrated In Fig. 1. The measured 
values of *1 range from 0.18 In the light gold areas of Fig. 1 to 0.25 
in the darker colored areas at the centers of the rolls. There Is a small 
area on one roll whereof is 0.45. This compares to values of approximately 
0.12 obtained for elements Initially fabricated to check out manufacturing 
processes . 


A sequence of tests were conducted to Isolate the cause of the 
problem. The tests indicate that the Increased solar absorptivity Is due 
to oxidation of the silver coating. To determine whether the transmittance 
of the Teflon film is contributing to the problem, the silver/inconel coating 
was removed from a section of the fin material and the M of the remaining 
structured measured. The* measured for the stripped section Is 0.03. This 
means that the silver/ Inconel Is the major absorbing element In the radiator 
fin. 


The color of the silver coating suggested that the silver Is 
oxidized. Thus tests were conducted to determine whether the oxidation 
process is still In progress, and whether the oxygen Is reaching the silver 
through the Inconel layer shown In Fig. 1, or through the opposing Teflon/wire 
mesh side of the fin material. Sections of the fin material were heated to 
350°F to accelerate any reaction which would change the solar absorptivity. 
The< of most of the heated sections Increased by a factor of two or more, 
Indicating that the reaction affecting the silver is still In progress. This 
data is supported by unquantltlzed observations that the color of the fin 
material had darkened after two months storage. 


DESCRIPTION OF FLEXIBLE FIN MATERIAL 




Additional tests were made to determine whether the agent reacting 
with the silver is internal to the fin material or is permeating through the 
protective layers of Teflon and Inconel. Sections of fin material heated 
In vacuum bags showed very little degradation. Also, when sections of Teflon 
were glued to the Inconel side of the radiator fin to prevent air from 
entering through the Inconel layer, the change In absorptivity occurring 
during heating was reduced markedly. This Indicates that air permeating 
through the Inconel side of the fin material is oxidizing the silver layer, 

The Inconel side could not be completely isolated so that It Is not possible 
to determine from this test data above whether all of the oxygen enters through 
the Inconel. However, other evidence Indicates that this is the case. Dilute 
sulfuric acid applied to the Teflon side has no effect on the silver coating.* 
Also, the Initial elements of fin material for which the si Iver/ Inconel layers 
were applied in a bell jar did not degrade when exposed to the atmosphere. 

Thus, the data indicates that the Inconel layer applied to the 
large sheets of fin material Is inadequate. Since the Inconel applied to the 
small element sections does prevent oxidation, there apparently is some 
manufacturing scale-up problem which is responsible for the poor quality 
of the large sheets of material. It is not clear whether the oroblem is In 
the facilities or the methods employed to coat the material. The vacuum 
deposition facility was modified so that the radiator fin could be coated in 
continuous sections. Therefore, there is a possibility that the facility 
needs to be improved, or the process changed because of modifications to the 
facility. Scanning electron micrographs of the fin material given in Fig. 2 
show that the surface is much rougher than that of silver backed Teflon for 
the Shuttle orbiter radiators. Because of the surface roughness, the thickness 
of the Inconel layer may have to be increased. Sheldahl Advanced Products 
Division is reviewing the problem and will make recommendations. 

2.2 Program Re-direction 

A meeting was held at NASA- JSC to discuss the problem of the high 
solar absorptivity of the fin material and to decide how the work schedule 
should be changed to minimize the impact of the problem on the flexible radiator 
development program. The meeting was attended by H. E. Battaglia, B. 0. French, 
L. A. Trevino, W. E. Ellis, and W. W. Guy of NASA; M. L. Fleming, R. L. Cox, 
and J. W. Leach of Vought. After the data on the fin material had been re- 
viewed, the following decisions were made: 

(a) Continue with the present high absorptivity fin material 
through fabrication of the full-scale test article and the 
conduct of ambient deployment tests. Do not fully instrument 
the panel for thermal vacuum tests, but only enough to resolve 
certain thermocouple installation questions. 

(b) Concurrent with the above effort, conduct tests and analyses 
necessary to rectify the high absorptivity problem. At the 
conclusion of ambient deployment testing refurbish the full 
scale article with the revised/new flexible fin material. 

(c) Slide the September 1977 thermal vacuum test to the next 
available test window at the NASA/ JSC Space Environment 
Simulation Laboratory (May/June 1978). 

♦This same solution rapidly stripped the silver/inconel when applied to the 
opposite side. 
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FIGURE 2 SCANNING ELECTRON MICROGRAPHS OF RADIATOR FIN MATERIA! 
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Cd) Re-al locate the approximately $50K of PY * 77 effort asso- 
ciated with the September 1977 thermal vacuum test to 
implementation of the Item (b) fin Improvement and re- 
furbishment. 

(e) Modify the contract to provide the above redirection and 
the additional funding necessary. 

(f) NASA agreed to make some additional solar absorptivity 
measurements on fin materials to be supplied by Vought. 

There Is some question that this solar reflectometer used 
by Vought, a Gler Dunkle Instruments model MS-251, Is 
adequate for measuring the absorptivity of the flexible 
fin material. NASA will try to locate an Instrument more 
suitably designed for this application. There Is no question 
that the Gier Dunkle reflectometer is adequate for determining 
that the fin material is severely degraded. However, more 
accurate measurements may be needed to determine the limiting 
values of the absorptivity for non-degraded materials and 

for diagnosis of potential problems with proposed new designs. 

A revised schedule Is given in Fig. 3. 

2.3 Substitution of Coolanol 20 for Coolanol 15 Transport Fluid 

Monsanto is discontinuing production of Coolanol 15, the transport 
fluid Initially selected for use in flexible radiators. Therefore calcula- 
tions were made to determine the required radiator size and operating limits 
for Coolanol 20, the fluid Monsanto recommends as an alternate. Coolanol 20 
is slightly more viscous than Coolanol 15 so that the weight penalty for 
pumping power is Increased by approximately 2 lb. per radiator panel. Also 
the low temperature stable operating limit is increased by 10°F - 30°F as 
shown in Fig. 4. The radiator design and operating characteristics for 
Coolanol 20 are similar to those for Oronit.e FC-100 as described in Progress 
Report No. 3. Materials compatibility tests are needed for each fluid before 
making a final selection. 

3.0 Progress on Major End Items 

Work is in progress in the fabrication phase of the program. The 
test phase has been rescheduled for May - June 1978. 

4.0 Work Planned During the Next Reporting Period 

A 6' radiator will be fabricated with radiator fin material for 
ambient deployment tests. Work will begin on the long life radiator study. 
Elements will be fabricated to demonstrate the feasibility of concepts and 
processes for correcting the high solar-absorptivity problem of the current 
design. 
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MONTHLY PROGRESS REPORT NO. 12 
Development of a Prototype Flexible Radiator System 


1.0 Overall Progress 

Work during the twelfth reporting period has been concentrated on 
the fabrication and long life study phases of the flexible radiator develop- 
ment program and addresses the following subjects: 

a. Fusion bonding of radiator fln/tublng assembly 

b. Aluminum foil /silver backed teflon design evaluation 

c. Testing of Inflation tubing .. . . 

d. Presentation of technical paper at AIAA 12th Thermophysics 

Conference 

2 ^q Progress on Individual Major Areas 

2.1 Fusion Bonding of Flexible Radiator 

Small sections of flexible radiator fin material were fusion bonded 
to FEP Teflon tubing to determine whether the two halves of the radiator could 
be joined by this procedure without damaging the transport tubing. If this 
Is possible, the radiator fin material with the degraded silver coating might 
be reclaimed for use in fabricating the prototype panel. 


Two methods were Investigated for maintaining pressure on the radiator 
r,ane! assembly during the heat bonding process. One employs a heated platen 
press and matching grooved plates as shown In Fig. 1. The radiator components 
are held In position by the grooved plates while heat and pressure are applied 
through the press. Air Is forced through the tubing so that the tube wall 
does not reach the melting point. Continuous sections of radiator are fabri- 
cated by Incrementally bonding adjacent 6" sections of material. The grooves 
In one end of the plates are tapered so that the unbonded sections will slide 
into position without folding or tearing. The ends of the pi atos extend outside 
of the heated press so that the fin material at the edge of the plate Is below 
the melting point. This prevents the material from being stressed while In the 
molten state, and provides a smooth transition between adjacent sections. The 
fin material is heated to 550 + 5°F under a pressure of approximately 25 psi. 

The air flow Is regulated so tFat the outlet temperature Is approximately 300 F. 


Sections of radiator approximately 6 Inch wide by 18 Inch In length 
were fabricated by this procedure without major problems. A few areas were 
observed In some of the samples where the silver wire mesh In the fin material 
was severed at the base of the tubes. This apparently occurred when the fin 
material was stretched and brought Into contact with the sharp edges of the 
grooves In the aluminum plates. However, this problem was corrected by placing 
a buffer layer of Kapton between the aluminum plates and the radiator material. 
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Larger 4' x 6' grooved aluminum plates are being machined and will be 
employed to determine whether sections of sufficient size can be fusion bonded 
to make fabrication of a prototype flexible radiator practical. In this case, 
the prototype radiator could be produced from existing fin stock. The de- 
graded sllver/Inconel coating described in earlier progress reports was 
stripped from representative sections of the fin stock with dilute sulfuric 
acid, and fusion bonded so that the solar absorptivity could be determined. 
Measurements with a Gler Dunkle solar reflectometer ranged from 0.07 to 0.08. 

The coating can be removed without damaging the silver wire mesh, so that 
the stripped material would be entirely satisfactory for fabricating the 
prototype. 

The second procedure Investigated for fusion bonding the radiator 
employs an autoclave and vacuum bags in place of the platen press to provide 
pressure and heat. A description of the process developed and materials 
required Is given In Appendix A. A potential problem with this method occurs 
because the tubing cannot be cooled during the bonding process. A tubing 
material must be selected which has a higher melting point than the FEP Teflon 
fin material. A small section was fabricated with PFA Teflon tubing. PFA 
ver y similar to FEP except that its melting point is approximately 
00 F higher. The small section was fabricated by heating the material to a 
temperature between the melting points of FEP and PFA. The bond formed 
between the tubing and fin material was found to be slightly stronger than Is 
obtained by adhesive bonding, but not as strong as is possible with FEP tubing. 

Samples of PFA tubing and cost quotes have been requested for addi- 
tional testing. The autoclave process is attractive because it provides a 
means for bonding the entire radiator at one time. However, because of the 
materials delivery time required for PFA tubing and the potential of the 
platen press method, the fusion bonding work In the immediate future will 
employ the platen press. 

2.2 Aluminum Foil Fin Material 

An aluminum foll/silver backed Teflon radiator fin construction 
Is being Investigated as an alternative to fusion bonding for producing the 
prototype flexible radiator. This construction would have significant cost 
advantages over the present design, and would use conventional silver backed 
Teflon known to have stable optical properties. The aluminum foil provides 
thermal conductance necessary for a high radiator fin efficiency, and a 
smooth surface for attachment of the silver backed Teflon. This design has 
not been given detailed consideration in the past because it was believed that 
the aluminum foil would Impact the deployment/retraction such that Its size 
and weight would be increased to Impractical limits. However, preliminary tests 
on small elements showed that the aluminum foil is stressed beyond the elastic 
^i rs t time the radiator Is stowed on the deployment drum. Then, 
radiator* Is straightened, small wrinkles develop which greatly Increase 
the flexibility of the panel. The wrinkles are spaced approximately one eighth 
inch apart and do not appear to seriously weaken the connection between the 

and material - Larger elements are being produced with 0.00035" and 
0.001 aluminum foil. The stiffness of these elements will be measured and 
compared with that of the silver wire mesh design. If the results are favorable, 
an element should be fabricated and Instrumented for thermal vacuum testing. 
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2.3 


Test of Inflation Tubing 


The 6 Inflation tubes fabricated by Sheldahl Advanced Products 
Division were connected to the radiator mounting frame and deployment drum, 
and Inflated to check their operation prior to attaching them to the radiator 
panel. Tests showed that the Inflation tubes operated very smoothly and 
required less than 1 psl gas pressure for deployment. There was no observable 
Imbalance In the system. The two tubes Inflate and deflate at the same rate 
such that the stowage drum remains perpendicular to the Inflation tubes during 
deployment and retraction. A section of radiator Is being fabricated from excess 
fin material having poor optical properties to check the operation of the 

lSl , !? < ! n kJ Ub1n fn? h ! n u #tta 5?f d t0 the ra<Hat °r. If there are no problems with 
the 6 tubing, 30' tubes will be purchased for the prototype radiator. 


2.4 Presentation of Technical Paper 


A technical paper describing the development of the flexible de- 
ployable/retractable radiator system was presented at the AIAA 12th Thermophysics 
Conference, Albuquerque, N.M. June 28, 1977. 


3.0 Work on Majo r End Items 

Work Is In progress In the fabrication phase of the program. 

Work Planned During the Next Reporting Period 

A 6' radiator will be fusion bonded to check out manufacturing 
processes for producing the prototype panel. Elements will also be produced 
by adhesively bonding aluminum foil and silver backed Teflon as an alternative 
to the fusion bonding process. Additional tests will be conducted with 6' 
Inflation tubing prior to purchasing tubing for the prototype system. Work 
under the long life radiator study contract will be concentrated on heat pipes 
and future mission requirements. 
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MONTHLY PROGRESS REPORT NO. 13 
DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM 


1.0 Overal Progress 

Work during the thirteenth reporting period has been concentrated 
on the fabrication phase of the flexible radiator development program and 
addresses the following subjects: 

a) Fabrication and ambient deployment test of six foot length 
radiator 

b) Fabrication of aluminum foll/sllver backed Teflon based 
elements 

Progress on Individual Major Areas 


2.1 Fabrication and Ambient Deployment Test of Six Foot Length Radiator 

A 4* x 6' section of radiator was fabricated by adhesively bonding 
two layers of silver wire mesh/Teflon fin material around FEP Teflon tubing 
using a grooved vacuum tooling plate as shown In Fig. 1. The radiator panel 
was made to check out fabrication tooling and techniques* and was subsequently 
used in ambient deployment tests of 6‘ length Inflation tubing. 

The following procedure was followed In fabricating the panel. 

1) The bottom half of radiator fin material Is positioned on the 
grooved plate and pre-formed by pressing the material Into the 
grooves of the tooling plate using Teflon tubing. 

2) Vacuum is applied to hold the fin material In position. 

3) General Electric SR-585 adhesive Is applied to the two mating 
sections of fin material and tubing. 

4) The tubing Is placed In the grooves over the pre-formed half of 
fin material. 

5) The top half of fin material Is held by the edges and lowered 
over the bottom half until the mating surfaces touch along the 
radiator centerline. 

6) The fin material Is pressed together around the center tube 
using a roller. 

7) The top half is gradually lowered until the fin material can be 
sequentially pressed together around the remaining tubes as 
shown In Fig. 1. 




FIGURE 1 FABRICATION OF SILVER WIRE MESH DESIGN ELEMENT 


f] ement produced following this procedure was generally satis* 
Th ® f1n mflt er1a1 tore where It connects to the tubing over about 
ll of the radiator area. The bottom layer tore In several randomly located 
areas from wear against the sharp edges of the grooves In the tooling plate, 
and the top layer also tore occasionally next to the tubing as It was being 
pressed Into position by the notched roller. y 


. Excessive tearing of the bottom layer can be prevented by 

minimizing the motion of the material while It Is In contact with the tooling 
plate. When fabricating the 6' length element, the vacuum pump was turned 
on and off several times. Each time new tears appeared. Thus, when the 
prototype radiator Is produced, work will be planned so that the vacuum pump 
runs continuously. Also, a soft porous cloth will be placed between the 
vacuum plate and radiator panel to reduce the stress caused by the sharp 
edges of the grooves. 


The top half apparently tears when the two sheets of fin material 
are permitted to stick together near the mid-point of adjacent tubes before 
the top layer has been pulled Into position around the tubing by the roller, 
when this happens, there Is Insufficient material available to cover the 
distance around the tubes. This occurs very seldomly, but when It does, a 
tear several Inches In length develops. The fin material has very little 
resistance to tearing so that whenever It begins to separate, the tear 
propagates readily. It is possible that the tears in the top half Initiate 
at sites where small flaws exist In the fin material. A narrow roller was 
made which pulls the top half of fin material around the tubing without 
pressing It against the bottom half. After the narrow roller has been applied, 
the wider roller shown in Fig. 1 Is used to press the fin material together 
between the tubing. When carefully done, this procedure gives satisfactory 

rcSU I tS • 


Some wrinkles developed In the top half of fin material of the 
element which probably can be eliminated when producing the full sized 
radiator. 


The wrinkles occurred when excess material accumulated in localized 
areas where the fin material had been stretched out of proportion, or was 
improperly supported. The fin material has localized areas such as may be 
seen near the technician s hand In Fig. 1 where it appears to have been stretched. 
Small wrinkles which may cover a length of 18" develop In these areas. The 
wrinkles sometimes begin and end without reaching the edge of the radiator 
panel. This problem can be minimized by carefully positioning the panel In 
the supporting frame and by applying force to the material In the lengthwise 
direction as It is being pressed against the bottom half. 

The ambient deployment test of the 6* element panel was entirely 
satisfactory. The radiator deployed and retracted easily and had no terdancy 
to malfunction. The radiator panel rolled up tightly and uniformly on the 
deployment drum during retraction, and could be deployed with a gas pressure 
less than 1 psig. The system of retraction springs and Inflation tubing 
was sufficiently well balanced that the deployment drum remained perpendicular 
to the radiator panel throughout the deployment retraction cycle. Thus the 
radiator could be repeatedly deployed and retracted without becoming dis- 
oriented on the stowage drum. 
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Since the ambient deployment test of the six ft. radiator was 
successful* go-ahead was given to Sheldahl Advanced Products Division to 
fabricate the 30' tubing for the prototype radiator. Delivery Is expected 
during August 1977. 

2.2 Fabrication of Aluminum Foil /Silver Backed Teflon Elements 

6" x 14" elements were constructed from aluminum foil and silver 
backed Teflon as shown In Fig. 2. The silver backed Teflon tape Is manufac- 
tured In 4" wide strips. To Increase the strength of the panel, the elements 
were constructed so that the opposing layers of tape overlap. The two halves 
of fin material were produced first by adhesively bonding the strips of silver 
backed Teflon to aluminum foil. The radiator panel elements were then assembled 
using the grooved vacuum plate as described previously. This procedure proved 
to be much better than that of applying silver backed Teflon tape to a radiator 
panel constructed of tubing and aluminum foil because the Teflon tape pre- 
vented the aluminum foil from tearing during handling. 

The appearance of the aluminum foil based elements Is much better than 
that of elements previously made with silver wire mesh fin material, but the 
aluminum foil elements are not as flexible. 

Elements were constructed with .001" and .00035" thick aluminum foils. 
The thickness of the silver backed Teflon tape Is 0.005". The 0.00035“ thick 
foil has about half the thermal conductance of the silver wire mesh, and tears 
very easily. It Is difficult to form this thickness of foil around the radiator 
tubing without tearing It. However, the radiator can be fabricated from the 
.001" thick foil without difficulty, and the thermal conductance of the fin 
material Is about 50% greater than that of the silver wire mesh design* 
Therefore, It is recommended that the .001" thick foil be used In future work 
on this design. 

Table I compares the measured and calculated stiffnesses of the 
aluminum foil and silver wire mesh radiator designs. The measured stiffness 
of the aluminum foil element Is approximately twice that of the silver wire 
mesh element, and about one fourth of the calculated value. The large 
discrepancies between the measured and calculated values occur because the 
calculated values assume elastic deformation of the fin and tubing whereas 
the actual deformations are outside the elastic range. 

The measured stiffness of the aluminum foil panel Is low enough 
that It Is practical to consider this design as a candidate for the prototype 
system. Since the existing deployment/retraction system for the prototype 
Is based on the calculated stiffness of the wire mesh design, no rework of the 
deployment system would be required. An additional element Is being con- 
structed with .002" thick silver backed Teflon to determine how the thickness 
of the Teflon affects the stiffness. 

It is recommended that a 2' x 2' element be constructed with the 
best thickness of silver backed Teflon and thermal vacuum tested before 
deciding on the final design of the prototype system. Also, additional 
tests and development work should be conducted on the fusion bonded wire mesh 
design described In Progress Report No. 12. Performance and cost data will 
be prepared for the two concepts for making a final decision. 
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fig. 2 aluminum foil/silver backed teflon design 
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TABLE I STIFFNESS OF FLEXIBLE RADIATOR ELEMENTS 


Radiator Panel Construction 


Bending Moment for 10" Drum (Inch-Ib/ti 
Calculated Measured 




3.0 . Work on Major End Items 

Work Is In progress In the fabrication phase of the program. 
Work Planned During the Next Reporting Period 


A 6* radiator will be fusion bonded to check out manufacturing 
processes for producing the prototype panel. Additional elements will 
also be produced with aluminum foil and silver backed feflonConclJts 
shall be evaluated In the long life study phase of the program. 


- 7 - 


A'IS3 


DEVELOPMENT OF PROTOTYPE FLEXIBLE RADIATOR SYSTEM 
PROGRESS REPORT NO. 14 
1 AUGUST THROUGH 31 AUGUST 1977 
20 SEPTEMBER 1977 


CONTRACT NO. NAS9-14776 
DRL: T-1213, LINE ITEM 2 
DRD: MA-182TD 


SUBMITTED TO: 

THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
JOHNSON SPACE CENTER 
HOUSTON, TEXAS 


VOUGHT CORPORATION 
An LTV COMPANY 
DALLAS, TEXAS 75222 


PREPARED BY: 


CHECKED BY: 


APPROVED BY: 


. cr. ©, 


// a* 



MONTHLY PROGRESS REPORT NO. 14 


1.0 OVERALL PROGRESS 

Work during the fourteenth reporting perl r ;l has been concentrated 
on the fabrication phase of the flexible radiator development program and 
addresses the following subjects: 

a) Fusion bonding of six foot length radiator with FEP 
Teflon tubing. 

b) Fusion bonding of two foot length radiator with PFA 
Teflon tubing. 

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS 

Fusion Bonding of 4‘ x 6* Panel With FEP Teflon Tubing 

An unsuccessful attempt was made to fusion bond a 4' x 6' section 
of radiator panel. The 4* x 6' section was bonded in a heated platen 
press to determine the feasibility of producing the 4' x 25 * prototype 
by this procedure. Earlier, 0.5' x V sections of radiator had been 
bonded successfully, as described In Progress Report No. 12, and tests were 
recommended with larger sections to determine whether problems would 
develop which could not be predicted from the small scale test results. 

The small sections were bonded by heating the radiator panel Inside 
matching grooved tooling plates to 550°F while cooling the transport 
tubing with an Internal flow of air. 

For the larger sections, matching 4* x 6* grooved plates were 
machined to hold the radiator tubing In position while the fin material 
Is heated to the melting point. Manifolds were attached to one end of the 
tubing so that air could be forced through the radiator to provide cooling 
for the transport tubing. It is necessary to keep the tubing below the 
melting point to prevent It from collapsing. Pressure and heat were applied 


- 1 - 




to the radiator assembly through a resistance heated platen press as shown 
In Fig. 1. 

This attempt to fusion bond the radiator failed because the flow 
distribution of the cooling air In the parallel bank of radiator tubes 
was non-uniform. This created an uneven temperature field so that parts 
of the radiator became too hot while others did not reach the melting point. 

Some non-uniformities In the air flow were anticipated, but not 
of the magnitude actually experienced. Manufacturing tolerances In the 
tubing diameter could cause some of the tubes to have greater flow resistance 
than others. Therefore, the diameters of Individual tubes were measured 
prior to heating. There was no apparent correlation of the flow distribution 
with the tubing diameter. With pressure applied by the press, the flow in 
six of the tubes were notlcably low prior to heating. When the pressure 
was released, the flow was nearly uniform. 

The restriction of the flow could have been caused by the tubing 
not being seated properly in the grooves of the tooling plate, or by tension 
in the fin material as It Is pulled around the tubing by the tooling plate. 
Extreme care was taken when preparing the radiator assembly for bonding 
to prevent the press from Interfering with the air flow. The ends of the 
tooling plates were secured with pins and clamps as shown in Fig. 2 to 
prevent the tubing from becoming dislodged from the grooves of the plate. 

A third removable clamp was placed across the center of the section to 
minimize the relative motion of the plates during handling. Also, to Insure 
that the tubes were properly seated, the clamps were loosened slightly, 
and the tubes pulled at the en^s to make sure that they would slide freely 
within the grooves of the plates. The radiator fin material was positioned 
around the tubing using rollers to insure that sufficient material was 
available to cover the entire surface of the tooling plates. 
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As the radiator was heated In the press, the flow In additional 
tubes began to diminish. At a temperature of about 350”F there was no 
measurable air flow In about 25* of the tubes. With continued heating, the 
temperature distribution within the press became Increasingly uneven. The 
areas where the flow of air was greatest were about 150°F cooler than where 
the flow was stagnate. Five thermocouples were employed to measure the 
temperatures of the panel and of the cooling air. The measured panel 
temperatures ranged from 400° F to 550°F, while the exit temperature of the 
air reached 485°F. Before all of the panel could be heated to the temperature 
required for fusion bonding (540°F) a resistance heater burned out In the 
press causing a local power failure which lasted several hours. Thus the 
test was terminated at a point when part of the radiator had not reached 
the fusion point. 

A post-test examination of the radiator panel showed that the 
tubing in the hot sections had completely collapsed while the underheated 
sections were unbonded. 

There were several small areas where the radiator was stuck to 
a Kapton film which had been Inserted between the radiator and tooling plates 
to prevent them from becoming bonded together. This Indicates that these 
areas had become much hotter than the sections which were Instrumented. 

It Is possible that local hot spots on the heated press could have caused 
some of the problems discussed above. Therefore, if additional attempts 
are made with this approach. It Is reconmendd that the system be heated 
very slowly to allow any transient temperature gradient to dissipate. 
Approximately 1.5 hours were required to heat the system from 100°F to 
550°F In this test. 

It Is also recommended that the tooling plates be made shorter 
so that nonuni forml ties In the air flow can be tolerated. 
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Fanno flow calculations show that for shop air pressure, the mass 
flow rate of air Is only marginally adequate for the heating length of this 
test. The shorter sections could also be prepared for bonding more easily ^ ] 

than the larger ones, and flow restrictions would be less likely. * '< 

2.2 Fusion Bonding with PFA Teflon Tubing 

A 6* x 20" section of radiator with PFA tubing was fusion bonded 
successfully. PFA Teflon has a melting point between 575°F and 590°F 
where the FEP fin material melts between 487°F and 540°F. Therefore the r 

radiator assembly can be fusion bonded by heating It to a temperature 
Intermediate to the melting point of the two materials without having to 
provide localized cooling as is required with FEP tubing. The bond formed 
between the PFA tubing and the fin material Is not as strong as Is ob- 
tained with FEP tubing, but is probably sufficient for the flexible 
radiator application. Tbe strength of the bond increases as the bonding 
temperature approaches the fusion point of the PFA tubing, but the tubing 
deforms if the bonding temperature is too high. The mor.t satisfactory results 
were obtained at bonding temperatures between 570°F and 575°F. No 
appreciable tubing deformation was noted at temperatures below 580°F. 

Pressure was applied to the assenfcly by means of a vacuum bag, 
and the system was heated In an autoclave. The radiator tubing was held 
at the proper spacing as the panel was being assembled and transported to 
the autoclave by maintaining a partial vacuum In the vacuum bag. 

A larger section of radiator will be fabricated as soon as 
additional PFA tubing can be purchased. If no problems develop, the pro- 
totype radiator will be fabricated by this method. 

3.0 WORK ON MAJOR END iTEMS 

Work Is In progress In the fabrication phase of the program. 
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4.0 


WORK PLANNED DURING THE NEXT REPORTING PERIOD 
Elements will be produced with aluminum foil and silver backed 
Teflon for thenril vacuum testing. Materials will be purchased for 
fabricating large elements by fusion bonding PFA tubing to FEP fin 
materials. Ambient tests will be conducted with the 30* Inflation tubes. 
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PROGRESS REPORT NO. IS 


1 .0 Overall Progress 

Work during the fifteenth reporting period has been concentrated 
on the fabrication and advanced radiator study phases of the flexible 
radiator development program and addresses the following subjects: 

a) fabrication and testing of aluminum foll/silver Teflon 
based elements, 

b) fabrication and testing of a fusion bonded silver wire 
mesh based elements, 

c) advanced long life radiators study. 

2.0 Progress on Individual Major Areas 

2.1 Fabrication and Testing of Aluminum Foil/Silver Backed Teflon 

Elements 

Two 17.5" x 18" elements were constructed from aluminum foil 
and silver backed Teflon, and tested in a vacuum environment for thermal 
performance and structural integrity. Table I summarizes the properties 
of the two test articles. The elements were fabricated by first bonding 
silver backed Teflon strips to sheets of aluminum foil to form a laminated 
radiator fin, and then bonding opposing sheets of this laminate around 
the transport tubing. The adhesive used to bond the radiator assembly 
is General Electric SR-585 adhesive thinned with toluene at a ratio of 
1 part adhesive to 8 parts solvent. The element constructed from 2 mil 
Teflon proved to be difficult to fabricate because the laminated fin 
material tended to stretch and wrinkle, and was easily torn. No problems 
were experienced in fabricating the 5 mil test article. 

Figures 1 - 4 compare the theoretical and measured thermal 
performances of the two elements. The measured temperature drop of the 
transport fluid, which is proportional to the heat transfer. Indicates 
that both elements performed approximately as expected. The heat rejection 
of the 5 mil Teflon element Is slightly higher than predicted. This 
probably indicates that the emissivity of the Teflon is slightly greater 
than the minimum value claimed by the manufacturers. 


The test articles partially delaminated as a result of exposure 
to the vacuum environment. The delamination was not severe enough to 
degrade the thermal performance, but could be significant structurally if 
the panel were repeatedly deployed and retracted. Tt indicates outgassing 
of solvents used to thin the adhesive or to clean the surfaces of the 
aluminum foil and Teflon prior to applying the adhesive. The adhesive 
is the same as was used to fabricate earlier elements, and had been stored 
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TABLE I PROPERTIES OF ALUMINUM FOIL 
BASED ELEMENTS 


DESIGN VARIABLES 

::lver backed teflon thickness (inch) 

ALLMINUM FOIL THICKNESS (INCH) 

NO. LAYERS TEFLON 
NO. LAYERS ALUMINUM FOIL 
TUBE SPACING (INCH) 

NO. OF TUBES 
ADHESIVE 


ELEMENT #1 
.001 
.001 
2 
2 

0.75 

25 

SR-585 


ELEMENT #2 
.005 
.001 
2 
2 

0.75 

25 

SR-585 
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exposed to^thc^tmosph.re overall/ve^ 1 ! 1 y ** r ' C0lt *d surfaces mre 

«nsur. th.t th,^;^sis^, t .j;gi,. b s;. 9 t5 re ’“ d 
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with cheese cloth. The element shnw*H «!*«. j d * adhesive was applied 
exposed to a vacuum and • £.!* f5°" Bd ™ tendency to delaminate when 

Jf the adhesive fm tl 'oSf S fnSh , ’ d H!f u,t * d> ™* measHred 
Of .00025 Inch obtained with the 8 ^AsasrsA: **- 

Fabrication and Test of fusion bonded Elects 

toaeth^V*! ^terlal d was ^fabrtcated^and n tested PF Th tu ? 1ng and screen 
*XSK b l he#t1n 9 It to 520*F so that Si????™?* f l ®* nt "« bonded 
fh^K d 5? form an adhesive. Pressure was arterial 

in 5 *°" d <»9 process by means of? JSSuS? bX P 2«5 S * he f ssert> ^ ^rlng 
In an autoclave. The radiator tublna^Je “Hi/”? 2“ system "«* heated 
the panel was betna asseitfciaH was d ®t the proper spaclna as 

t«<Mn g a p.rt“l «W»“ 

sented In Figures 5*and? nC The*ttermal ^rfiJ 5 ’ 0 " bon ^ et3 eleffl ent is pre- 
excellent, and the test artlcll w«T5J P?rf°"nance «F the element ti 
to the vacuum environment.’ Mt ffete d structurally by exposure 

2- 3 Advanced Long Life Radiator Study 

10 Nov.mbeJ n iS77 ,n<: Gjo;Sf ?uu7,TOdift. f ’ n S Ms •"« « WSA-JSC on 
were agreed upon f and several lnnn i?^ d ® tjes for conducting the study 
for additional stu5y aJd !ni y]?J 9 1 J f !J^ d1ato r con «pts we?e selected 
•greed upon. analysis. A program plan and schedule was 

3 - ° Hark on H.inr ftJr 

study phases l ^o/the ,, progfam? t th * fjbr,catl0n «"d advanced radiator 
4.0 


H8 rK Planned in the Next n«p p rt1na 


fusion bond! ng^screen’wi re*mesh%^mji* 0 , \ F ? n ®1 be fabricated by 

advanced radlltorltCdy wliriictld.^ *’ I? m fork on the 

and definition, concept «;«en1nt1nd°;«3e“*, t ^1, 0 s f . e0nC * pt •— 
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PROGRESS REPORT NO. 16 


1.0 


OVERALL PROGRESS 


. . . . , Wor * aurin « the l6th reporting period has been concentrated on 

l0n <Uld adVanced radlator Btud y phases of the flexible radiator 
development program and addresses the following subjects: 


a) 

h) 

c) 

d) 

e) 


fusion bonding of the prototype panel, 

flow distribution calibration of the prototype 

panel, 

ultrasonic welding of the radiator fin material, 
long life radiator study, and 
publication of technical paper. 


2.0 


2.1 


PROGRESS ON INDIVIDUAL MAJOR AREAS 
Fusion Ponding of The Prototype Panel 


The prototype panel was fabricated successfully by pre-positioning 

FEP Teflon**!?!! ln , Fi « ure J; * Md the * heating the assembly until the 

TEP Teflon fin material molted. When the assembly was allowed to cool under 

Lf-w!!i Pe A f 1 ? m ‘v a 8trong bond formed between the two layers of fin 
material. A weaker bend is obtained between the fin material and the PFA 

tubing » with the strength of the bond depending on the maximum 
W experlenced in the bondin 8 process. The strongest bonds are 
f ° r pro ?? S8ing temperatures in excess of 600®F. However, the PFA 
Anni" 8 io* : &ry llttle strength at such temperatures, and tends to collapse, 
^w 1>eCaU ^ e ° f gravity or Bur face tension forces. Element tests P 

adequabe bond ia obtained without defomation of the transpon 
tubing if the proceaslng temperature is maintained at 570 + 5°F. 

„ ori Wh ! n fab f icat ing the prototype radiator, the seal of the vacuum bag 

vacu nltf^**** that thC * ndfi ° f th * tran8 P 0lt tubes extended through the 
vacuum bag, and were open to the atmosphere. This equalizes the internal 

atffi o B Pheric pressure components, and prevents the vacuum bag 

t0 . flatte ? ? he tranBport tubing. The temperature variations 

a r t t 6P r\T e el ? Mlthin narrOV linitB by heatin « the oven slowly 
so that transient temperature gradients are minimized, and by covering the 

“? r Bata cloth lneulatlon to ahl.ld « SL 

fl )f ®“ ln ? e v? !? atmosphere of the oven. The panel was heated on a 
of num table which was insulated on the batten side. The conductance 

of the table thus tended to reduce any remaining temperature gradients. 

... v 4 * T ? e tam P era ture distribution across the radiator panel measured at 
the hottest po,.nt of the bonding cycle is shown in Figure 2. The tempera- 

tr a nLntf e + m v aBUra 2v Wlth Iro ““ cona tantan theimocouples placed inside the 
trwisport tubes. The transient temperature profile measured during the 

settw ?h 0C ^ B 18 “ h0,m ln FlgUre 3 * Thie P rofile waB obtained by initially 
setting the thermostats of the oven heaters at 550°F, and observing the 

«=«■■ ‘he panel aa it apprised aqumSrt^? The 
ouiwd of ,i be lndl visual oven heaters were then adjusted as re- 

el ed to achieve a uniform panel temperature of 570°F. The panel was bonded 
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in Vought's oren Ifo. 12, bulldii* 22. Thin is a 5.5' x 5.5* x 33' oven 
with 6 individually controlled heated zones. The equilibrium temperatures 
of the individual zones are automatically controlled within + 3®F. However, 
the transient responses of the individual heaters are signifTeantly different 
eo that it is necessary to manually adjust the control settings as described 

wDOVC a 


The radiator panel fabricated by thia procedure is entirely satis- 
factory for testing purposes. Very little shrinkage or distortion of the 
transport tubing occurred, and a strong bond was obtained. The transport 
tubes are straight and evenly spaced, and the appearance of the panel is 
satisfactory. A few Isolated wrinkles developed when vacuum was applied prior 
to heating the panel. The wrinkles occurred where the Teflon film material 
had been locally stretched prior to assembly and could not be permanently re- 
moved by releasing the vacuum and straightening the material. The wrinkles 
recurred at approximately the same locations each time the vacuum was applied. 

The stretching of the fin material probably occurred when the wire 
mesh was being embedded in the Teflon film. If additional panels are to be 
fabricated by this process, the screen mesh and Teflon film should be fusion 
bonded together at the same time that the fin material is bonded to the trans- 
port tubing. In this case the Teflon film will not hare been deformed prior 
to assertbly , and the cause of the wrinkles thus eliminated. Also, the screen 
mesh will serve as a bleeder cloth and assist in the removal of air pockets 
between the layers of fin material. ^ 


A second fabrication problem area which affects the appearance of 
the radiator concerns the separation of the fin material from the vacuum bag 
subsequent to heating the assembly to bonding temperatures. Kapton was selected 
as the material for the vacuum bag because it has adequate strength and does 

t0 !? T !f^ n at the tan Peratures required for this application, 
Element tests on small radiator sections indicated that Kapton is an acceptable 
vacum bag material. However, when the prototype panel was fabricated, the 
bond between the radiator and vacuum bag was much stronger than had occurred 
In the element teste. Apparently the additional time required to heat the 
large prototype panel contributed to the strength of the bond. When the Kapton 
vacuaa bag was removed from the prototype radiator panel the surface of the 
Teflon radiator fin was found to have a diffuse appearance. Also, in a few 
small area#, the bond between the radiator fin and Kapton was so strong that 
the fin material would tear away from the transport tubing before it would 
separate frem the Kapton. Liquid nitrogen was poured over small sections of 
the radiator in areas where the bond was exceptionally strong so that differences 
in the thermal expansion coefficients of Kapton and Teflon would cause the two 
layers to separate. In these sections the vacuum bag was easily removed from 
the radiator, and the panel surface was left with a glossy finish. This pro- 
ce ^ r * WR s followed only when It was considered nececsazy to prevent the 

fr ° n tearins becauBe of concern over weakening the Joint between 
the FEP Teflon radiator fin and the PPA Teflon transport tubing. However 
subsequent visual inspections of the sections where LN 2 was applied revealed 

* ubln « bod separated from the fin material. The areas where 
the fin material had been torn were repaired by locally heating the material 


2 




p*it the melting point bo that the torn surfaces fused together. This 
produced a relatively neat Joint which blends in with the rest of the 
radiator panel and is un-notlceable when viewed from a short distance. 

Additional studies and element tests should be conducted to 
prevent this problem frcm recurring in the future. It is probable that 
the Kapton film could be sprayed with a light silicone coating which would 
prevent the molten Teflon from adhering to the vacuum bag. 


The solar absorptivity of the radiator panel was measured at 
several locations with a Gier Dunkle optical reflectaneter. All of the 
measurements were made in areas where the Kapton vacuum bag had been peeled 
away from the radiator leaving a diffuse surface appearance. The measured 
values of a ranged from a - .055 to a - .078. Measurements could not be 
made at interior sections of the panel where the glossy surface areas were 
obtained by removing the vacuum bag with LN 2 . However, it is not expected 
that the a values would differ greatly from those of the diffuse areas. 


2.2 


Panel Flow Distribution Test 


The flow distribution in the parallel tubes of the prototype 
panel was determined by measuring the flow in each Individual tube. This 
was done by flowing water into the Inboard manifolds at a constant pressure. 

? ndlvldual ^ glass beakers. The flowrates 

were determined by weighing the water collected during prescribed periods of 

time. Figure 4 gives the percentage deviations frcm the mean flow per tube 
for the 50 transport tubes. The results generally show a consistent and 
uniform flow distribution. Some of the scatter in the data Is caused by water 
being lost from the open beakers by splashing or by spillage when the beakers 
were removed from the flow streams, and some to measurement error. Approxi- 
mately 50 grams of water were collected for each tube, and the estimated 
measured error is + 1 gram. Thus, measurement error would account for errors 
of the order of 2? whereas the HMS deviation measured for the 50 tubes is 
only 3.1%. Thus the measured flow deviations could be attributed to experi- 
menta! error in most cases. It is significant that none of the tubes has a 
noticeably low flow. This indicates that the tubes were not damaged during 
the fusion bonding process. ° 


The manifolds and fittings were checked for leakage with Freon 
leak detectors and found to be loak free. In addition, leakage rates were 
measured by pressurizing the panel with gaseous nitrogen and observing the 
decay of pressure with time. This procedure is not entirely satisfactory 
because the effects of the permeability of the transport tubing cannot be 
ac^rately accounted for, but indicates the presence or absence of gross leaks 
which might not have been discovered with the Freon leak detector. The 
pressure of the nitrogen gas entrapped in the manifolds and transport tubes 
dropped from 100 psi to 74 psi in a 24-hour period. The equation for pressure 
decay due to the transport tubing permeability is F 
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where: 


P = pressure of entrapped gas at time t 
P„ « ambient pressure (l atm) 

P 0 * initial pressure (100 psi) 

V * permeability (380 cc/100 sq. ineh/24 hr/atm/mil) 
A * surface area (3534 in 2 ) 

t = tube wall thickness (32 mil) 

Y ■ volume of entrapped gas (O.lU? ft 2 ) 


Equation (l) predicts that the pressure of the entrapped nitrogen at the 
end of a 24 hour period should be 64.5 psi. This corresponds to a slightly 
larger leakage rate than was determined experimentally , and thus indicates 
that there are no sizeable leaks at the manifolds or fittings. 


An accurate Indication of the radiator panel leakage rate could 
be obtained by filling the radiator with the actual fluid to be employed in 
spaceflight applications* and observing the fall of the meniscus in a trans- 
parent small diameter fill tube over long periods of time. In this way the 
total fluid loss from tubing permeability and leakage at the manifolds and 
fittings could be readily determined. This measurement could probably be 
conveniently made just prior to thermal vacuum testing. 


2.3 Ultrasonic Welding of Radiator Fin Material 

Samples of flexible radiator fin material and transport tubing were 
supplied to Branson Sonic Power Company so that their applications lab could 
evaluate the feasibility of using ultrasonic welding in fabricating flexible 
radiators. The lab looked at several methods for tack welding the fin material 
together so that it would hold the transport tubing in position. The remain- 
der of the radiator wculd then be fusion bonded by heating in an oven. Their 
report indicates that the radiator fin material cannot be ultrasonically welded 
at the present state of technology. A copy of the Branson lab report is en- 
closed. 


This method was investigated as an alternative to the present proce- 
dure for fusion bonding the flexible radiator. It is not essential to the 
fabrication process. The Branson Company perfoxmed the study at their own 
expense. 


2.4 Long Life Radiator Study 

A computer routine is being developed for conducting trade studlee 
and to optimize the designs of pumped fluid and heat pipe radiators for long 
duration missions. The literature is being surveyed, and researchers and 


4 


A- no* 


vendors are being contacted to obtain data on radiator system component 
life limits and design constraints. Materials were ordered for fabricating 
demonstration hardware and for testing conceptual designs with expanded 
metal fin materials, metal bellows materials, and stainless steel cross 
flow tobes. A flexible meteoroid bumper has been designed for the long life 
flexible radiator. Heat pipe radiator panels are being designed and tested 
under Vought Internal research and development funding. 

2.5 Publication of Technical Paper 

The technical paper, "Flexible Deployable-Retractable Space 
Radiators" presented in June 1977 at the AXAA 12th Thermophysics Conference 
was revised and submitted for publication in th<- Heat Transfer Volume of 
the 1978 AIAA Progress in Astronautics and Aeronautics Series. The Volume 
will be published in May 1978. 

3.0 WORK OH MAJOR END ITEMS 

Work is in progress in the fabrication and advanced radiator study 
phases of the program. 

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Inflation tubing will be attached to the prototype radiator, and 
ambient deployment tests performed provided retraction springs are delivered 
by the spring ■vendor. The delivery of the springs is expected within the 
next few days, but the exact date Is uncertain. The spring vendor is awaiting 
materials which have been shipped from Ohio. Work will continue on the long 
life radiator study. 
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FUSION BONDING RADIATOR 



























TIME (HOURS) 
FIGURE 3 


TRANSIENT TEMPERATURE OF OVEN ATMOSPHERE 
DURING FUSION BONDING CYCLE 
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FIGURE 4 PROTOTYPE RADIATOR FLOW CALI BRAT I 
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BRANSON 

SONIC POWER COMPANY 


January 17, 1978 


Mr. Jim Leach 
VOUGHT 

1701 W. Marshall 

Grand Prairie, Texas 75050 

Dear Mr. Vought: 

Enclosed is Application Laboratory Report #1177-1382 
regarding the samples you provided. 

Unfortunately, the report indicates that this 
particular application is not feasible for ultrasonics 
at the present state of our technology. 

‘t 

Our capabilities are continually expanding, however, 
and we may be able to satisfy such requirements in the 
future . 


We regret that we are unable to help you on this 
occasion, but if you have other applications that you 
feel may lend themselves to ultrasonic assembly, please 
contact either our area Sales Engineer or Representative 





s (Mrarf-r 
raterfO 


phine Bantz {Mr 
as Administrat 


JB/yl 

cc : Chuck Newby 

1. P. Newby & Associates 
6211 Denton Drive 
Box 35846 

Dallas, Texas 75235 
(214) 357-8354 

Bill Wilson 
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divlsion of Branson l 'Uraaontcs Corporation Ph: (203) 744-0780 TWX 710-456-0402 

to 


Engle Road. Danbury, Connecticut -06810 
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BRANSON SONIC POWER COMPANY 0 . 

“ *"* D-^.Co^Bcut-OMX) - ^ 

APPLICATIONS LAB REPORT ' 

CUSTOMER VISIT ( | APPLICATION INQUIRV (X ) 



Ph: [2031 744 0760 
TWX 710-456-0452 * ‘ 


COMPANY 

NAME 

ADDRESS 


Vouqht: 


_Jim Laaoh 


BSP#. 


.lab#JJL22=1382 


-REP. #. 


■17QX W, 


date in 11/14/7 Bate out 1/ll/in 

TYPE OF REPORT: 


City & state Grand Paairla , 7505Q 

1TEMS tnhJnq and film w U-h w ir» 

attached 


PRINT REVIEW < ) 

PART EVALUATION { X ) 
I ) 


MATERIAL 


Teflon 


HORN TEST 

THIS APPLICATION APPEARS TO BE: 
EXCELLENT ( 1 GOOD ( ) FAIR ( 


) 


TYPE OF APPLICATION:. 


POOR ( ) NOT POSSIBLE AT THIS TIME ( X) 

BASED ON SAMPLES SUBMITTED. 


WELDING ( X} 

INSERTION ( ) 

SWAGING ( ) 

STAKING ( ) 


ADHESIVE REACTIVATION I ) 

SPOT WELDING { ) 

SEWING (x , 

DEGATING j j 


SCAN WELDING ( ) 

OTHER ( > 

SPECIFY: 


APPLICATION EVALUATION EQUIPMENT SET UP 


Various 


* 


*1 


STAND MODEL. 
HORN 


.POWER SUPPLY. 


.ACCESSORY. 


PRESSURE (PSIG) _ 

WELD TIME (SECONDS) 

PART WAS CONTACTED WITH HORN: 


— FIXTURING. 


-BOOSTER. 


HOLD TIME (SECONDS) 

TOP ( ) BOTTOM! > OTHER < )_ 


EQUIPMENT RECOMMENDATIONS: 

STAND MODEL POWER SUPPLY 

HORN. 


None at thij time. 

.ACCESSORIES. 


—BOOSTER 
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1.0 OVERALL PROGRESS 


, , ^ork during the 17th reporting period has been concentrated m 

B ?2 utor stuay «>“• <*”• n«SLlSiSS^SSL2t 

Program, and addresses the following subjects: ^vexopment 


a) Design of pumped fluid radiators for long 
duration missions 


b) Optimum subsystem module size for large 
radiator systems ^ 

g) Manifold designs for heat pipe radiators 

d) Demonstration radiator elements constructed 
from expanded silver metal 

e) Design of meteoroid shield for the long 
life flexible radiator manifolds 


2.0 PROGRESS OH INDIVIDUAL MAJOR AREAS 


2,1 - Blgl of Pumped Fluid Radiators for Long Duration Missions 

* i?! : PaClng - ft aim Reynold, number. Jd fin 

2 * 2 Subsystem Size Optimization 


eese«ble t l«S 1 hMt a ?^rtlof!v l ’! lDe f rformad to ''^ermine the best »oy to 

su: r Snu^«vS« ( ?f 1> " b J e l0M 0f «“•«■« * « rsu£ of*nodul. 

size and survivability, and compares the overall weisht of svat«nw 

JSST*” of “ dul “ t0 thMe havlng ^‘oJ^^iSSSlnb. 

2 *3 Heat Pine Radiator Manifold Deal^m 

fluid conc ®P t ® for connecting heat pipe radiator panels to transport 

gMdps^! dr 

applications for which each type of radiator system is best suited. 
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Expanded Mstal Radiator Tin Element a 


Small 1* M x 4" sections of radiator fin were fabricated by fusion 
bonding expanded silver metal to FEP Teflon film. Elements were fabricated 
with two different expanded metal mesh dimensions. Table I gives data for 
the two elements. The element made with the 3AG5-6/0 expanded metal was 
constructed from a sample supplied by Exmet Corp. The sample was tarnished 
slightly when received, and was therefore subjected to a cleaning process 
prior to bonding. An attempt was made to remove the tarnish from the sample 
by immersing it in a 10$ solution of sulfuric acid. This procedure had pre- 
viously been employed to remove the silver coating from silver backed Teflon. 
However, in this case the acid did not clean the surface uniformly with ex- 
posure times for which the mesh would not be damaged. Several attempts were 
then made to degrease the metal by scrubbing it with MEK, Trichloroethylene , 
and a detergent /water mixture. However, the acid still would not completely 
remove the tarnish. A 20$ solution of sulfuric acid also failed to clean the 
surface adequately. 

The Vought materials section is studying this problem, and will recom- 
mend a procedure for cleaning silver screen and expanded metal. 

The 5AG7-6/0 metal had a bright finish when received from Exmet Corp. 
but was also degreased and cleaned prior to bonding. The bonded element has 
a white shinny appearance whereas the element which could not be cleaned has 
a gold tint characteristic of oxidized silver. Both samples contained numerous 
small dark spots which resulted from contamination trapped within the assembly 
being charred during the bonding process. The particles are invisible prior 
to bonding, but are easily detected after being heated to 570°P. Some of the 
particles apparently are attracted to the Teflon film because of static charging 
whereas others are residual on the expanded metal following cleaning. After 
observing the particles on the first element, the laboratory technician was 
extremely careful when cleaning the Teflon and expanded metal before fusion 
bonding the second element. However, the dark spots still appeared on the 
bonded element . Small pieces of cotton from the cloth used to polish the sur- 
faces are a surprisingly large source of contamination. Residual oil or grease 
left on the rough surface of the expanded metal because of improper cleaning 
also could be observed by close examination under a microscope. Additional 
work is needed to establish a cleaning procedure prior to fabricating the 
long life flexible radiator. 

The measured solar absorptivity of the samples is larger than had been 
expected. The dark spots discussed above distract from the appearance of the 
surface but are far too sparse to have an appreciable effect on the solar 
absorptivity. The tarnished appearance of the first element probably accounts 
for its high absorptivity. The high absorptivity of the second sample could 
be caused by radiation entrapment in the cavities of the expanded metal. The 
ratio of the depth to diameter of the cavities is greater for this element 
than for the other fusion bonded surfaces tested in this work, and the trans- 
missivity of the film is much lower. Calculations will be made to evaluate 
the entrapment effect, and additional elements having only one layer of 
expanded metal mesh shall be tested. 
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2,5 Meteoroid Shield fo r The Long Life Flexible Radiator Manifolds 

.. ,? e ^f 01 * 014 shield shewn in Figure 2 was designed for protecting the 
manifolds of the long life flexible radiator. The shield consists of Teflon 
sleeves and stainless steel spherical sockets. When the manifolds bend for 
stowage, the Teflon sleeves rotate without bending on the spherical sockets. 
The design of the socket insures that the liquid transport lines are shielded 
for all manifold orientations, and the diameter of the sleeves is adequate 
for unconstrained motion of the metal bellows. ' 

3.0 WORK ON MAJOR END ITEM3 


4.0 


Work is in progress on the advanced radiator study phase of the program. 
WORK PLANNED IN TEE NEXT REPORTING PERIOD 


Ambient deployment tests will be performed with the prototype flexible 
radiator. Work will continue on the long life radiator study. 
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TABLE I 


PROPERTIES OP EXPANDED METAL ELEMEN TS 


PROPERTY 

Mesh Thickness (inch) 
Strand Width (inch) 

Mesh Dimensions (inch) 
Nunfcer Openings /lnch^ 
Fraction of Area Open 
No. of Layers of Mesh 
Calculated Transmissivity 
Measured Transmissivity 
Measured Reflectivity 
Measured Solar Absorhtlvity 
Equivalent Thickness SVflP- 
Equivalent Thickness LWD 2 


MESH DESIGNATION 


3 AG 5-6/0 

5 AG 7-6/0 

.003 

.005 

.005 

.007 

.022 x .031 

.022 x .031 

2600 

2600 

0.520 

0.372 

1 

2 

0.520 

0.138 

0.522 

0.065 

0.361 

0.748 

0.117 

0.187 

.0026 

0.0123 

.0052 

0.0244 


Conductance across short dimension of diamond equal to that 
of aluminum fin of equivalent thickness. 

Conductance across long dimension of diamond equal to that 
of aluminum fin of equivalent thickness. 


TABLE la 


STkMlD 
, WIDTH 





MATEB 1 AL ' 

thickness 


u( t.<»ng way «f the diamond measured from the 

CLWDj center (if unv joint tn the center of the next 

^ t- Joint. Th!» dimension if governed by the ilic 

uacd and never changes fur Hint die. In line expanded metnl 
thii Is always parallel to the n-idth of the coil. 


Short way of the diamond -- measured from 
the ccntar of one Joint to the center of the 
next joint. It will vary moderately with nny given die at the 
atrand width and degree of expaniion are varied. The mceh 
count (opening! per unit of length) decrease* as expansion 
Increase* and conversely. Fine expanded metal is manufactured 
In coil form with this dimension running the Ungth of the coil. 


MESH :f| MESH DIMENSIONS 

ii~J I fen ccnt«r-:o eef.'cr 

DESIGNATION „ iointl ^ 

(Size) it. .A nt.ii 


Humbtr 
openinfs 
per 14 . in. 
spprci. 


.Aos" ; 


. 10 * .125 


.077' .051*1 120 


048 ' .071 


. 075 * . 085 ' ! 250 


. 038 ' ,046 


. 026 ' . 030 '! 1400 


. 021 ' . 024 '; 2 


THICKNESS Of STRAND A MAX. 

ORIGINAL MATERIAL WIDTH 03 SHEET 

MIN. MAX. MIN. MAX. WIDTH 






.020* 

.007' 

.035* 

ir 

.015* .007' 

f 

.035' 

12" 

.015' 

.003’ 

.020' 

18" 

.020' 

j 

.007” 

B(dl _ aa . ra _ _ 

.025' 

12" 

.012" 

.00.3' 

.020' 

12" 

.010' 

* 

rsd 

8 ' 

.otr 

10" 

.007' 

.002' 

.009* 

6" 


MOW TO Kxniet'e customers hnve found the following method of specifying fine expanded metal useful 
Oltoait and practical. Iti use is recommended for positive Identification of requirements. 


far Ixampltl . , an <\ 

X ^ y" y 

y V v" * 


WUITTKN ASiJ KIT-4/0 

This lea typical eommercial specification. 

It'fira mi «|qdtrntiii» rri/airc* nu.rr ngrtifie dihiilt, they 
should he indicated, as for example! 
ft l .2311 grams r * Ti'.', i per Minnie inch ( required weight) 
hi overall thick ( t .tin l “ ) ( required overall thickness) 
ci anncalcil ( material to be soft) 
etc. 


MOTt: W«i|ld, overall thicanevt. slnnd mdlft snd orifin.il mctil IhicSncts must be compitibll 
fer mtih Sts.tnalion uno total tptciiicatmn he npljnaliont ioo*t rcurdmt cnart. 
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1.0 


OVERALL PROGRESS 


Work during the lflth reporting period has been concentrated on 
the advanced radiator etudy phene of the flexible Radiator Development 
Program, and address the following subjects: 

a) Optimization of heat pipe radiators, 

b) designs of radiators with meteoroid bumpers, 

c) contract review at NASA/JSC, and 

d) ambient deployment tests of the prototype radiator. 

2.0 PR00RESS ON INDIVIDUAL MAJOR AREAS 

2.1 Heat Pine Radiator Optimization 

An aly ses are being performed to determine the values of heat 
pipe radiator design parameters that minimize weight and area. The 
analyses are concerned with the optimization of flow through heat exchanger 
core in the manifolds, t v e size and spacing of the heat pipes, the thick- 
ness of the radiating fin, and the geometric design of the radiator panel. 
Documentation of the analysis shall be covered in an advanced radiator Btudy 
report . 


2.2 M eteoroid Bumper Designs 

A literature search was conducted to obtain equations for sizing 
meteoroid bumpers for radiator tubing. An equation was selected based on 
accuracy of prediction of depth of projectile penetration in laboratory 
tests. Computer models were prepared for heat pipe and pumped fluid radiators 
to determine the values of radiator parameters best suited for long duration 
missions. Radiator weight and area are compared with corresponding designs 
without meteoroid bumpers . 

2.3 Contract Review at NASA-JSC 

Preliminary results of the long life radiator study analyses were 
presented to NASA on 8 May 1978. NASA agreed with the study plan, and re- 
quested that Vought also look at large heat pipes in space radiators. 

2.U Ambient Deployment Tests of Prototype Radiator 

Ambient deployment tests of the prototype radiator were successful. 
The new retraction springs supplied by Spring Engineers are not completely 
straight, but are much improved over the original springs which were rejected 
by Vought. The new springB have a slight curvature which causes the radiator 
to extend over the edge of the deployment drum during part of the deployment/ 
retraction cycle. The lengths of the two springs can be adjusted so that the 
edges of the radiator coincide with the edges of the drum at the beginning 
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I 

and end of the cycle. At the mid-point, the edge of the radiator over- 1 

; lap* one end of the drum hy about two inches. This la not considered to 

«v b* ft aerioua problem, but would affect the stowage volume required for 

the retracted radiator. The pressure required to deploy the radiator is 
less than 2 psi. 

3.0 WORK ON MAJOR END ITEMS 

Work is in progress on the advanced radiator study phase of f 

the program. 

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the long life radiator study. A final re- 
port shall be submitted. 
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1.0 OVERALL PROGRESS 

Work during the 19th reporting period has been concentrated on the 
advanced radiator study phase of the flexible Radiator Development Program, 
and addresses the following subjects t 

a) Redundancy in Modular Build-up of Large 
Radiator Systems 

b) Quote for Development of Extended Life 
Flexible Radiator 

c) Contract Extension 

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS 

2.1 Calculations • 

System designs with multiple Independent subsystems were studied to 
determine how the total system weight and radiating area depends on the number 
and survivability of the subsystems. The studies show that significant weight 
reductions arc possible in large systems if they are constructed from indepen- 
dent modules end are oversized such that the system maintains full capacity 
following the loss of one or more of the modules. High probabilities of mis- 
sion success are possible. 

2.2 Quote for Development of Extended Life Flexible Radiator 

A cost quote was submitted to NASA for designing, fabricating and 
testing an extended life flexible radiator which would be applicable for mis- 
sion durations of 5 years or more. The prototype flexible radiator and extend- 
ed life flexible radiator will be tested simultaneously in 1979. 

2.3 Flexible Radiator Contract Extension 

A request for contract extension was submitted to NASA in order to 
maintain continuity between the current prototype development program and the 
forthcoming extended life radiator program which is expected to begin in 
September 1973. 

3.0 WORK ON MAJOR END ITEMS 

Work is In progress on the advanced radiator study phasu of the 

program. 

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the long life radiator study. 
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1.0 OVERALL PROGRESS 

Work during the 20th reporting period has heen concentrated on 
the advanced radiator study phase of the Flexible Radiator Development 
Program and addresses the following subjects: 

a) Documentation of Advanced Radiator Study 

b) Fabrication of Extended Life Flexible 
Radiator Element 

2.0 WORK ON INDIVIDUAL MAJOR AREAS 

2.1 Advanced Study Documentation 

Documentation of the Advanced Radiator Study which includes weight 
and radiating surface area trader of heat pipe and pumped fluid radiators, 
and redundancy/reliability considerations was initiated. 

2.2 Extended Life Flexible Radiator Element 

A 6" x 12" element with metal bellows manifolds is being fabricated 
to verify manufacturing techniques and to evaluate potential problem areas 
prior to initiating the design of the full scale radiator. No problems were 
experienced in fabricating the radiator panel. Meteoroid bumpers are being 
machined for the manifolds. 

3.0 WORK ON MAJOR END ITEMS 

Work is in progress on the advanced radiator study phase of the 

program. 

k.O WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the long life radiator study. 
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1.0 OVERALL PROGRESS 

Work during the 21st reporting period has been concentrated on 
fabrication and advanced radiator study phases of the Flexible Radiator Develop- 
ment Program, and addresses the following subjects: 

(a) final assembly of the prototype radiator 

(b) documentation of the advanced radiator study 

2.0 WORK ON INDIVIDUAL MAJOR AREAS 

2.1 Final Assembly of Prototype Radiator 

Teflon clamps for attaching the radiator fin material to the inboard 
support frame and to the outboard deployment drum were machined in tho 
Vought SES Lab. The aluminum frame and deployment drum were anodized, and the 
radiator components were then assembled for final Inspection. The radiator will 
be placed in storage until it ia shipped to NASA for testing. 

2.2 Advanced Study Documentation 

Documentation of the Advanced Radiator Study which includes weight 
and radiating surface area trades of heat pipe and pumped fluid radiators, 
and redundancy /reliability considerations was continued. 

3.0 WORK ON MAJOR END ITEMS 

Work is in progress on the advanced radiator study phase of the 

program. 

^.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the long life radiator study. 
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Work during the 22nd reporting period has been concentrated on the 
test planning and extended life radiator design phases of the Flexible Radiator 
Development Program and addresses the following subjects: 

a) solar degradation testing of the prototype radiator, 

b) thermal design of extended life flexible radiator, and 

c) documentation of advanced radiator study. 

2.0 WORK ON INDIVIDUAL MAJOR AREAS 

2.1 Solar Degradation Test of the Prototype Panel 

A one-week solar degradation test of the prototype radiator panel in 
NASA Chamber B is being planned for the week beginning 12 November 1978 . The 
panel has been instrumented with 24 thermocouples and shipped to NASA for testing. 
Plans for a test tetble and analysis of measurement error effects were also sub- 
mitted to NASA. 

2.2 Thermal Design of Extended Life Radiator 

The manifolds of the extended life radiator are being designed for flow 
distribution, pressure retention, and flexibility. Analyses are also being 
performed to determine optimum tube diameters and spacing. Requests for quotes 
for materials are being prepared based on the results of the thermal analyses. 

2.3 Advanced Radiator Study Documentation 

Documentation of the Advanced Radiator Study which included weight and 
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/ 
reliability considerations continues. 

3.0 WORK ON MAJOR END ITEM3 

Work is in progress on the advanced radiator study and extended life 
radiator development phases of the program. 

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the advanced radiator study and extended life 
radiator development phases. 
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1.0 


OVERALL PROGRESS 


Work during the 23rd reporting period hoe been concentrated on tho 
test planning and extended life radiator design phases of the Flexible Radiator 
Development Program and addresses the following subjects: 

a) solar degradation testing of the prototype radiator, 

b) thermal and mechanical design of extended life flexible radiator, and 

c) documentation of advanced radiator study. 

2.0 WORK ON INDIVIDUAL MAJOR AREAS 

2.1 Solar Degradation Test of the Prototype Panel 

A one-week solar degradation test of the prototype radiator panel in 
NASA Chamber B is being planned for the week beginning 12 November 1978. The 
panel has been instrumented with 2h thermocouples and shipped to NASA for testing. 
Plans for a teat table and analysis of measurement error effects were also sub- 
mitted to NASA. 

2*2 Thermal Design of Extended Life Radiator 

The manifolds of the extended life radiator have been designed for 
flow distribution, pressure retention, and flexibility. Analyses were also per- 
formed to determine optimum tube diameters and spacing. Requests for quotes for 
materials are being prepared based on the results of the thermal analyses. Drawings 
are being prepared for fabricating the deployment/retractlon mechanism. 

2.3 Advanced Radiator Study Doc^v^ntation 

Documentation of the Advanced Radiator Study which included weight and 
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/ 
reliability consi derations continues. 

3.0 WORK ON MAJOR END ITEMS 

Work is in progress on the advanced radiator study and extended life 
radiator development phases of the program. 

fc.O WORK PLANNED IN THE NEXT REPORTING PERIOD 


Work will continue on the advanced radiator study and extended life 
radiator development phases. 
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OVERALL PROGRESS 


Work during the 24th reporting period has been concentrated on 
the teatlng and extended life radiator design phasen of the Flexible Radiator 
Development Program and addresses the following subjects: 

a) solar degradation testing of the prototype radiator* 

b) design of extended life flexible radiator* and 

c) documentation of advanced radiator study. 

2.0 WORK ON INDIVIDUAL MAJOR AREAS 

2.1 Solar Degradation Test of the Prototype Panel 

A one-week solar degradation test of the prototype radiator panel 
was conducted in NASA Chamber B. Preliminary analyses of the data indicates 
the radiator performed as expected with no measurable degradation caused by 
solar exposure. Optical property measurements for sample radiator fin material 
exposed during the test also indicate no degradation occurred. Vought Is 
preparing a quick look test report. 

2.2 Design of Extended Life Radiator 

Alternatives to the space deployable boom deployment/retraction 
system were studied. Boom suppliers were contacted to obtain cost and per- 
formance data. The cost of the booms could be substantial for flight 
hardware. Also* the boom design depends on fli&t loads* radiator dimensions* 
etc.* that are mission dependent. Thus boom design Changes could inpact the 
cost and scheduling of future applications of the flexible radiator system. 

A strap drive system with self straightening manifold covers to provide 
structural support for the deployed radiator is being considered. Alternatives 
to the fluid swivels such as tubular springs* coiled flex hoses, and outboard 
drums are also being investigated. A design review is being planned with the 
NASA to discuss the results of the design studies. 

2.3 Advanced Radiator Study Documentation 

Documentation of the Advanced Radiator Study which includes weight 
and radiating surface trades of heat pipe and pumped fluid radiators, and 
redundancy/rellabillty considerations continues. A technical paper based on 
the study will be presented at the Ninth Writer society Conference on Environ- 
mental Systems ; 16-19 July 1979* San Francisco, California. 

3.0 WORK ON MAJOR END ITEMS 


Work is in progress on the advanced radiator study and extended life 
radiator development phases of the program. 

4.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 


Work will continue on the advanced radiator study and extended life 
radiator development phases. 
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1.0 


OVERALL PROGRESS 


Work during the 25th reporting period has been concentrated on the 
teat reporting and extended life radiator dealgn phaaea of the Flexible Radiator 
Development Program and addreaaea the following subjects: 

a) aolar degradation teatlng of the prototype radiator, 

b) dealgn of extended life flexible radiator, and 

c) documentation of advanced radiator study. 

2.0 WORK ON INDIVIDUAL MAJC n AREAS 

2.1 Solar Degradation Teat of the Prototype Panel 

A one-week solar degradation test of the prototype radiator panel was 
conducted in NASA Chamber B. Preliminary analyses of the data Indicates the 
radiator performed as expected with no measurable degradation caused by solar 
exposure. Optical property measurements for sample radiator fin material exposed 
during the test also indicate no degradation occurred. Vought has sent NASA a 
hand written final copy of the quick look test report. A typed, signed version 
will follow in January 1979* 

2.2 Design of Extended Life Radiator 

Alternatives to the space deployable boom deployment/retraction system 
were studied. Boom suppliers were contacted to obtain cost and performance data. 
The cost of the booms could be substantial for flight hardware. Also, the boom 
design depends on flight loads, radiator dimensions, etc., that are mission depen- 
dent. Thus boom design changes could Impact the cost and scheduling of future 
applications of the flexible radiator system. A strap drive system with self- 
straightening manifold covers to provide structural support for the deployed 
radiator is being considered. Alternatives to the fluid swivels such as tubular 
springs, coiled flex hoses, and outboard drums are also being investigated. An 
informal design review was conducted 22 December 1978 with Gary Rankin, the NASA 
contract Technical Monitor, to discuss the results to date of the design studies. 

A design review at NASA-JSC is planned for January 1979. 

2.3 Advanced Radiator Study Documentation 

Documentation of the Advanced Radiator Study which includes weight and 
radiating surface tradeB of heat pipe and pumped fluid radiators, and redundancy/ 
reliability considerations continues. A technical paper based on the study will 
be presented at the Ninth InterBocie.ty Conference on Environmental Systems; 16-19 
July 1979* San firancieco, California. 

3.0 WORK ON MAJOR END ITEMS 

Work is in progress on the advanced radiator study and extended life 
radiator development phases of the program. 

1*.0 WORK PLANNED IN THE NEXT REPORTING PERIOD 

Work will continue on the advanced radiator study and extended life 
radiator development phases. 
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Dr. James W. Leach 

Unit 2-53002 * r 

Vought Corporation 
Marshall Street Facility 
Dallas TX 75222 


Dear Dr. Leach: 

i««S? C 2r dan 5 e with terms your Purchase Order No. P-104433 I am 
fonjardlng to you all data and reports acquired during the contract 
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ABSTRACT 


Nylon and steel projectiles approximately . 01 5g In weight were shot 
at Teflon sheets and polyurethane tubes. Velocities ranged from 1770 to 
4480 M/sec. An attempt to assertaln penetration depths and compare It to 
an empirical equation already developed was made. Due to an Insufficient 
number of data points, no strict conclusion could be drawn but Initial 
Indications show that for nylon velocity predictions may have been too high. 




FOREWORD 

This project was undertaken to provide hypervelocity Impact data on 
materials for which no firm data was available. Many theories and equations 
exist, but their accuracy and applicability Is questionable until the 
experimental stage Is complete. This paper presents the results of some 
of those experiments. V 

At the same time, the author fulfilled the requirements for a senior 
level structures course In Aerospace Engineering at Texas A&M University. 
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NOMENCLATURE 

t * thickness penetrated (on) 

■ percentage elongation of target material 

« mass density of sheet material (g/cm ) 

3 4 

p ■ mass density of meteoroid (g/cm ) 
m 

V * normal Impact velocity (km/sec) 
m 

d » meterold diameter (cm) 
m 


INTRODUCTION 


Meterolds encountered In space flight can cause considerable damage 
to space vehicles. The total meterold environment consists of a wide 
variety of masses at various velocities originating from comets and 
asteroids. As a result, damage to a structure may range from gradual 
deterioration over a period of time to catastrophic failure with one 
strike. 

From a design standpoint, valuable Information about hypervelocity 
impacts can be obtained using particle acceleratoVs such as a light-gas 
gun. Much work has been done in this field and many empirical equations 
developed to relate penetration depths to target and projectile properties. 
Some of these equations are combined results of several experiments to 
attempt to develop a governing equation to the hypervelocity Impact 
problem. For materials of specific interest, the best results came from 
actual tests on these materials. 

The Vought Corporation of Dallas, Texas has a deployable space 
radiator constructed of plastic materials (Teflon*and polyurethane). It 
was desirable to obtain impact data for these materials to study meterold 
effects. The hypervelocity research facility at Texas A&M University was 
used to obtain this data. The data Is compared to an empirical equation 
from another source. Teflon plates are the main focus of attention. 
Observational data on water-filled polyurethane tubes Is also presented. 


* Teflon in this case refers to Dupont FEP (flourlnated ethylene-propylene) 
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DESCRIPTION OF EXPERIMENTAL APPARATUS 


The Light-Gas Gun 

The light-gas gun Is shown In figure i; Burning gun powder Is used 
to drive a piston down the pump tube. The piston compresses the hydrogen 
to high pressure. When the pressure Is high enough* It bursts a diaphragm 
and drives a projectile down the launch tube. Into the evacuated flight tube. 
The projectile Impacts a target placed In the Impact chamber which Is also 
evacuated. Reference 1 gives a more complete description of this gun. 

Velocity Measurement 

Velocity was measured by shooting through two screens of ballistic 
paper. The screens were part of an electrical circuit shown In figure 2. 
Breaking the screens breaks the circuit and results In voltage changes. 

Each voltage change Is Input to a Hewlett-Packard timer. The projectile 

\ 

starts the timer when it breaks the first screen and stops It when It 
breaks the second. Therefore, the time to cross a known distance can be 
converted to velocity. The penetration of the ballistic papers has a 
negligible effect on its velocity for the masses used in this program. 


Impact 

Chamber 


Figure A-l; The Gun System 



Powder High Pressure Launch 

Chamber Section Tube 


Figure A* 2: Gun Instrumentation and the Control Console 
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TEST PROCEDURE 

All testing was accomplished In the same manner except for using 
, two different types of projectiles. Cylindrical shaped projectiles 

made of nylon were used for most shots because they were easily fitted 

* 

in the base of the launch tube. These projectiles weighed approximately 
. 014 g» were .203cm in diameter and had a length to diameter ratio of 1. 
Steel spheres weighing .016g and .152cm in diameter were also used hut 
had to be encased in a sabot to be fired. / 

The Teflon targets were 7.62cm x 7.62cm squares of various thicknesses 
(.1524cm and .203cm). The Teflon squares were made of .051cm layers. 

They were clamped on two sides and mounted In the impact chamber per- 
pendicular to the projectile flight path as shown in figure 3A. The 
water-filled polyurethane tubes were sealed on the ends with swagelok 
fittings. Four of them were wired to a plate and mounted in the impact 
chamber at an angel so that the projectile would have a better chance 
of hitting them (figure 3B). 

The impact chamber and flight tube were 'evacuated to less than 
0.1 psla. 





\ 


r 
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RESULTS 

A survey of the literature revealed that there are many equations 
to predict penetration depth but there are certain limits to their 
usefulness. Much depends on the material properties of the target and 
the projectile. 

Bjork (2) found that If the projectile and target were of the same 
material, cratering would be approximately hemispherical. Goodler (3) 
proposed different theories to predict penetration, depending on the 
behav1or( deformation) of the projectile during Impact. 

Many theories have been tested using metal projectiles and targets. 
The data on testing of plastics Is limited which is why this study was 
undertaken. Rlttenhouse (4) presented an equation developed empirically 
to predict penetration in polyethylene. A form of the equation is given 
below. 

-p » .65 (-J-) 1/8 (% 1/2 (v )7/8 
Tn E t V m 

This equation will be used to compare with results of this program. 
Sample calculations are contained in the appendix. 

Most of the shots were made using a cylindrical projectile of nylon. 

A total of fourteen shots were made at the Teflon specimens but due to 
timer malfunctions, not all shots produced useful data. 

Shot number 4 (see appendix) was the first shot to provide information 
on the threshold of penetration for the TefTon sample. The target was 
.203cm thick and this was also the projectile diameter so that ( t/d m ) = 1. 
The measured velocity was 4480 m/sec. According to equation 1 (plotted 
in figure 4), this is too slow for nylon to penetrate. However, it did 
penetrate all four layers. 
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Shot number 5 provided the most valuable Information during the 
program. The target was the same as above. The nylon projectile weighed 
,014g and had a velocity of 3900 m/sec. The Teflon was on the verge of 
penetration. The backside of the target specimen was drawn out from the 
impact but the material did not tear as In the previous shot. Oepth of 
penetration would be Impossible to determine due to the nature of the 
damage. The thin targets of relatively high elongation used here tend to 
extrude rather than crater. Therefore, penetration here means that a hole 
was formed through the thickness of the sample. , Since penetration was 
incipient for this shot, the penetration depth was taken to be the 
thickness of the target. For this shot, (t/d m ) was equal to 1. This 
point Is plotted In figure 4 at Its measured velocity. 

The projectile was slowed down for the sixth shot and It weighed 
.Ollg. The target was the same as before. At 3620 m/sec, the projectile 
penetrated the first two layers of the target to give a penetration 
depth of .102 cm (.04“). This makes the t/d m ratio equal to .5. This 
shot Is also compared to equation 1 In figure 4. 

The next series of shots were at .1524cm thick Teflon samples. All 
resulted in penetration. The t/d m ratio was. 75 (shots 7 through 13). 

As predicted by equation 1, any projectile with a velocity less than 4300 
m/sec should not have penetrated. But all were less and all did penetrate. 

Shot number 14 Illustrates the difference in projectile material. A 
.Q16g steel sphere, 1524cm (.06") In diameter was shot at 1770 m/sec 
at .203cm Teflon. This was the slowest shot but it did penetrate quite 
easily. Equation 1 for steel Is also plotted in figure 4. For (t/d m ) of 

.75, penetration was predicted for this shot. 

The difference In projectile material appears in the projectlle/target 
density ratio In the Rlttenhouse equations. Due to the differences in size 
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and strength of the steel sphere and nylon projectile a correlation 
In penetration is difficult to make. The mass of each was approximately 
the same. The diameter of the steel sphere was .051cm (.02") less than 
the nylon. Also, the Impact of the steel is approximately a point Impact 
while the nylon Is more of a blunt body. As a speculation. It may be 
that the steel sphere delivered less total momentum or energy to the 
target but more per unit Impact area. 

After obtaining thicker target samples of Teflon, a final series 
of shots were made (shots 18 through 24). The dases where the projectile 
penetrated all layers of the Teflon yielded no data. However, the cases 
of partial penetration produced useful results. Measuring penetration as 
stated before to find t, the penetration thlckness/projectlle diameter ratio 
is plotted as shown in figure 4. They show close agreement to the 
Rlttenhouse equations. 

A few shots were made using water filled polyurethane tubes. The 
tubes had an outside diameter of .635 centimeters and an inside diameter 
of .3175 centimeters. Swagelok fittings were used to seal the ends. 

The timer malfunctioned on all three shots but all produced breaks 
In the tubes. The first two shots were with nylon projectiles, the 
third with a .016g steel sphere. The breaks were small, pinhole breaks 
and stopped by themselves. The water was not under pressure. The damage 
to the tubes consisted of a chip of polyurethane being knocked away 
while the projectile glanced off. The steel sphere went all of the way 
through a tube, penetrating both walls and causing it to leak. Again It 
left a small hole. It should be noted that the sphere Impacted at an 
oblique angle (figure 5) and did not glance off. 
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RECOMMENDATIONS FOR FURTHER TESTING 

From the differences In results of two different projectiles studied 

here, It Is recommended that several masses, shapes, and densities be 

% 

used for further study. 

For the Vought radiator materials, thicker Teflon samples are needed 
to better study penetration depth. Vought also desires to cool down the 
tubes and Teflon to - 60 °F to study temperature effects similar to the 
space environment. 


CONCLUSIONS 


More data has to be obtained before a true comparison can be made 
with the Rlttenhouse equation. Initially, It appears that this equation 
may predict too high a velocity for penetration. This Illustrates the 
hazards of attempting to apply Information from one test to another In 
which conditions have been altered somewhat. With more data, an equation 
applicable to Teflon can be developed. 


14 


4 


REFERENCES 

1. Ftynearson, R.J. and Rand, J.L., "Optimization of a Two Stage Light- 
Gas Gun", TEES 9075-CR- 72-02, Aug. 1972, Texas Engineering Experiment 
Station, College Station, Texas. 

2. Bjork, R.L., "Review of Physical Processes In Hypervelocity Impact 

and Penetration:, Proceedings of the Sixth Symposium on Hypervelocity 
Impact, Vol. II, Parti, Cleveland, Firestone Tire and Rubber Co., 
1963. , 

3. Goodler, J.N., "On the Mechanics of Indentation and Cratering In 
Solid Targets of Strain Hardening Metal by Impact of Hard and Soft 
Spheres", Proceedings of the Seventh Hypervelocity Impact Symposium, 
Vol. Ill, Tampa, Florida, Martin Company, 1965. 

4. Rlttenhouse, J.B., "Meterolds", Space Materials Handbook . 3rd ed., 
Addlson-Weslay, Reading, Mass., 1968. 


fc-23 


Appendix 


Table of Hypervelocity Tests 


Sample Calculations 
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1 SHOT 

DATE 

PROJECTILE 

T 

i 

10-20-76 

Nylon 

2 

* » 

10-23-76 

Nylon 

3. 

10-23-76 

Nylon 

4 

10-24-76 

Nylon 

5 

10-30-76 

Nylon 

6 

10-30-76 

Nylon 

7 

10-30-76 

Nylon 

8 

10-31-76 

Nylon 

9 

10-31-75 

Nylon 

10 

10-37-76 

Nylon 

11 

11-3-76 

Nylon 

12 

11-3176 

Nylon 

13 

11-5-76 

Nylon 

14 

17-6-76 

Steel 

Sphere 

15 

11-20-76 

Nylon 

16 

11-20-76 

Nylon 

17 

11-20-76 

Steel 

Sphere 

18 

12-15-76 

Nylon 

19 

12-15-76 

Steel 

Sphere 

20 

12-16-76 

Steel 

Sphere 

21 

12-16-76 

Steel 

Sphere 

22 

12-16-76 

Nylon 

23 

12-16-76 

Nylon 

24 

12-16-76 

Nylon 


SUMMARY OF TESTS 


PROJECTILE 

WEIGHT TARGET VELOCITY 

Ill . 7 m/sec) 


.012 

.022 

.08" 

Teflon 

— 

.014 



— — 

.014 

.014 

- 


4480 

3900 

/ 

.011 

\ 

t 

3630 

.011 

.008 

.008 

.010 

.010 

.005 

.06" 

Teflon 

4176 

• m 

3850 

2890 

2410 

.010 

\ 

* 

2270 

.016 

.08" Teflon 

1770 

.014 

Tubing 

— 

.014 

Tubing 

— 

.016 

Tubing 

— — 

.012 

.10" Teflon 

4460 

.016 

.18" Teflon 

1984 

.016 

.12" Teflon 

770 

.016 

.18" Teflon 

3060 

.011 

.10" Teflon 

3720 

.010 

.18" Teflon 

3870 

.012 

14" Teflon 

5862 


REMARKS 


Penetrated 1st 3 layers 
Timer Malfunctioned 

Penetrated all layers 
Timer Malfunctioned 

Penetrated all layers 
Timer Malfunctioned f 

Punctured all layers 

Penetration threshold 
Good Data Point 

Penetrated 1st 2 Layers 

Penetrated all layers 

Penetrated all layers 
Timer Malfunctioned 

Penetrated all layers 
Timer Malfunctioned 

Penetrated all layers 

Penetrated all layers 

Penetrated all layers 

Penetrated all layers 

Penetrated all layers 

Timer Malfunction 
Damaged tube, leaks 

Timer Malfunction 
Same Damage 

Penetrated both walls 

Penetrated first 3 layers 

Penetrated first 4 layers 

Penetrated first 2 layers 

Penetrated all layers 

Penetrated all layers 

Penetrated 1st 3 layers 

Penetrated 1st 4 layers 
b-ZS 
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Sample Calculations 
Using the Rlttenhouse Equation 


•«&> 


1/8 


P m 1/2 


‘V 


7/8 


(d ) 
nr 


19/18 


e t Is * elongation of Teflon (350) 
p* Is the density of Teflcn, 2.14 b/cm 3 

P m Is the projectile density, .94 g/cm 3 for nylon end 7.83 gm/cm 3 for steel. 
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The equation can be written as follows: 
t i 1/8 p m 1/2 7/8 

V * - 65 % <V 


The ratio of target thickness/meteoroid diameter can be plotted as a 
function of velocity. 


If thickness penetrated is equal to the projectile diameter, we have 
for nylon: 


* 65 ( ot ) 


1/2 7/8 

<V 


V m = 6.04 km/sec 
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EVALUATIONS TO DETERMINE A PROCESS 
FOR NEAT BONDING OF FLEXIBLE SPACE RADIATOR 
PANELS BY AUTOCLAVE OR OVEN PROCESSING 


In general, the heat bonding process to be used Is an adaptation of the 
normal laminating procedures used for fabricating epoxy/fiberglass laminates 
for aerospace usage. The normal procedure consists of placing fiberglass 
cloth preimpregnated with a heat curing epoxy resin (prepreg) on a flat platen 
or contoured molding tool. The uncured prepreg layup Is covered with a 
nonadhering porous fabric, one or more layers of a porous breather or bleeder 
material, such as fiberglass cloth, to allow entrained air or excess resin to 
be bled off during cure of the epoxy resin. This layup is covered by a 

non-porous plastic film (vacuum bag) such as hlqh temperature resistant nylon 

or silicone film. The vacuum bag is sealed to the platen or molding tool 
with a pliable, adherent sealing compound. A special outlet connection Is 
installer In the tool or the vacuum bag to allow a vacuum to be applied 
between the vacuum bag and the tool to apply a pressure on the enclosed layup. 

Vacuum pressure Is applied to properly seat the prepreg layup on the tool 

and to hold it in position during handling from the layup area to the oven 
or autoclave for final curing. 

Required adaptations to the normal laminating process include provision 
for *?S§ 9 mat ? ria1s and sealing compounds suitable for temperatures as hlqh 
as 550 F (288°C) which are required for heat bonding of FEP film materials. 

A number of bagging and sealing materials have been evaluated by the 
Engineering Materials Laboratory for heat bonding of Space Shuttle flexible 
heat radiator panels. A brief sunmary and discussion of bagging and sealing 
materials ano heat bonding procedures tried to this date is given below. 

1. Bagging material - 2 mil thick Kapton polymide film with 1/2 mil 
FEP Teflon coating on each side. (1 mil is 0.001") 

Sealing compound - comnercial sealing compound #5147 supplied by 
Schnee-Morehead Co. (a local producer of sealing compounds). 

Result - The sealing compound lost adhesion at about 490°F and 
caused total loss of pressure on the test specimen. Test specimens 
old not heat seal because no bonding pressure was exerted at the FEP 
fusion temperature. The cause of the loss in sealing could not be 
determined since it could have been the loss of adhesion caused 
by sealant degradation or melting of the FEP coating on the Kapton fil 

2. Bagging material - FEP coated Kapton film as described above. 

Sealing compound - Dow Corning 30-121 one part silicone rubber 
(a silicone material which cures by moisture absorbed from ambient 


Result - The sealing compound was found to cure too slow when covered 
by the bagging material. The test was discontinued when It was deter- 
mined the sealing compound would not cure rapidly enough for practical 
use. 

Bagging material - 1 1/2 mil thick Kapton film coated with FEP on one 
side only. 

Sealing compound - Dow Corning 860 RTV two part silicone rubber. 

Result - The viscosity of the sealing compound was too low to make an 
acceptable seal because of excessive flow and squeezeout when vacuum 
was applied to the layup. The test specimen did not have enough 
pressure at the FEP Teflon fusion temperature to heat bond properly. 

Bagging material - FEP coated Kapton film as described for Trial 1. 

Sealing compound - Adhesive backed Teflon pressure sensitive tape. 

Result - Vacuum bag had acceptable seal at room temperature. However, 
seal was lost at approximately 450°F because the adhesive on the Teflon 
tape completly lost adhesion to the bag material. Test specimen did not 
heat bond because of loss of bonding pressure. 

Bagging material - Heavy duty aluminum foil (1/2 mil thick). 

Sealing compound - Dow Corning 93-044 two-part silicone sealer. 

Result - Sealing compound set up too soon (approx, one hour) to make 
It acceptable for this application. Further work with this Tayup showed 
the aluminum foil developed pinholes when the vacuum was applied to 
the vacuum bag. No effort was made to complete the heat bonding cycle. 

Bagging material - 2 mil thick aluminum foil 

Sealing compound - Dow Corning 93-004 two-part silicone sealant (this 
sealant is used to seal the titanium fire wall bulkhead on the 747 
airplane). 

Result - The aluminum foil was found to tear badly when vacuum was applied 
to the layup which caused complete loss In sealing. Inspection of the 
sealing compound showed poor adhesion between the sealant and the aluminum 
foil bag which probably would have caused loss of sealing even if the foil 
had not torn. 

Bagging material - 1 1/2 mil thick Kapton film coated with FEP on one 
side only. 

Sealing compound - Dow Corning 93-046 two-part silicone adhesive/sealant. 

Result - Some difficulty was encountered In mixing the extremely thick 
sealant, however, a satisfac, ,y mix was obtained which could be extruded 
from a Semco sealant tube. ( iie layup was completed with no difficulty 
and a good seal was maintali H during the heat seal holdino period of 


520 to 540°F. A good test specimen was prepared with excellent heat 
sealing of the foil between the tubes. Inspection of the tubes In the 
test specimen showed considerable tube swelling and distortion which 
apparently cannot be avoided with FEP tubing. 

Conclusions: 

1. Kapton film with no FEP coating appears to be the most satisfactory 

bagging material. * 

2. Aluminum foil is unsuitable as a bagging material for the followlnq 
reasons: 

a. Cannot see through the vacuum bag to verify the FEP tubes are 
properly seated in the grooved mold. 

b. are easily formed under vacuum bag pressure when 1/2 mil 
thick foil Is used. 

c. The 2 mil thick foil tears too easily under vacuum bag pressure. 

3. Dow Corning 93-046 two-part silicone adhesive/sealant Is the best 
bag sealing compound tried to this time, even though there Is con- 
siderable difficulty In mixing the extremely thick material. 

4. The following sealing material candidates were found to be un- 
acceptable as bag sealing materials for various reasons described 
earlier. 

a. Dow Corning 30-121 one-part silicone adhesive 

b. Dow Corning 860 two-part silicone rubber 

c. Adhesive backed Teflon pressure sensitive tape 

d. Dow Corning 93-044 two-part silicone sealant 

e. Dow Corning 93-004 two-part silicone sealant 
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APPENDIX D 


INSTRUMENTATION ERROR ANALYSIS 
FLEXIBLE RADIATOR SOLAR DEGRADATION TEST 


i/GBT CORPORATION 


SUBJECT: Inatrunentaticm for Flexible Radiator JjATE: 9 Octobej 2-9 i’B 

Solar Degradation Test at NASA-JSC 

TO: J. G. Rankin 


CC: 


R. L. Cox 
R. J. French 
J. A. Oren 
J. C. Utterback 


FROM: J. W. Leach 


At NASA's request, instrumentation calibration tests and test sequences 
are outlined below for the forthcoming solar degradation test of the prototype 
flexible radiator in NASA Chantoer B. The test will measure the change in the 
average value of solar absorptivity as a result of one week of vacuum/UV exposure. 
The extent of surface property degradation will be determined by measuring the 
surface temperatures and the heat rejected from the radiator at the beginning and 
end of the test. This is a difficult test because relatively large changes in 
solar absorptivity cause only small changes in the measured variables. 


Vought will deliver the prototype flexible radiator to NASA instrumented 
with 36 guage premium grade copper/ constant an thermocouples. The signals from 
the thermocouples will be monitored on NASA supplied recorders. Flowrate measure- 
ments will be made with NASA supplied meters. 


1 . Sensitivity of Test Results to Measurement Errors 

The heat rejected from the radiator surface is 


q O / [^cor^T 1 * - T^) - oq B ]dA (l) 

where e is the surface emissivity, a is the solar absorptivity, T is the tube 
wall temperature, T A is the ambient temperature , and qs is the incident solar 
irradiation. The absorbed solar and infrared terms may be combined to give an 
effective environment temperature 

SeonT^ * + oq 8 (2) 

Accounting for the difference between the fluid and tube wall temperaturea by 
the resistance term R * 1/wKp N u , and integrating. 


<j = 2A r) t <r(T„--C^)r. 5 / £ i AvC ( )( ' J 

- i C < £ I - ) 1 ♦ J,s e <tk t ‘ ) 




The fluid outlet temperature is given by 


T 

out 



<U) 


Equations (2), (3)» and (4) may be solved to determine the sensitivity of the 
measured variables to changes in the radiator surface properties, and thus to 
evaluate the effect of measurement errors on the determination of surface pro- 

? erty degradation. Table I compares values obtained from Equations (2) thru 
4) for an initial value of a * 0.1 and an example degraded value, a * 0.15* 


TABLE I EFFECT OF a DEGRADATICW OH HEAT REJECTION 


T . 

• 

m 

t in 

t out 

q 

(°F) 

(LB/HR) 

J!£L 

J! £L 


387 

285 

90 

50 

11,1*13 

421 

285 

90 

53.1* 

10,1*20 


The table shows that a 50Jf degradation in a changes the heat rejection by only 
8.7ff. Since the change in solar absorptivity is to be determined by measuring 
heat rejection, meaningful results can be obtained only if precise measurements 
are made. Differences betveen the inlet and outlet temperatures must be measured 
to within a few tenths of 1°F, and the flowrate to within if. Experience from 
previous thermal-vacuum radiator tests indicates that this order of accuracy can 
be obtained only with the highest quality instrumentation, and that instrument 
calibration tests prior to and following the thermal vacuum test are necessary. 


2. Instrumentation Calibration TestB 

The following calibration tests are recommended. 

(a) Flowmeter Calibration Tests : Collect fluid flowing through the 

meter during a prescribed period of time in an open container. Determine the 
flowrate from the weight of the fluid taking account of the accuracy of the scales 
and the timing device. Perform the calibration tests prior to and following the 
vacuum tests. 


(b) Thermocouple Calibration Tests : With the thermocouples connected to 

th? recording device to be used in thermal vacuum testing, simultaneously record 
the aiffiala from all isneraien thermocouples in constant temperature baths covering 
the range of tesg>eraturea to be experienced in the thermal vacuum test. Calibrate 
the thermocouples against a secondary standard. To checkout thermocouples located 
on the radiator panel, cover the panel with an inaulation blanket, and record 
simultaneously the aignala from all thermocouples vith no flow through the panel, 
and room ambient radiator environment conditions. 


3. Test Sequence 

With constant inlet temperature vary the flowrate to cover the maximum 
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possible range of outlet temperatures. This reduces the probability that 
instrumentation errors from a single source will obscure the test results. 
Thermocouple errors are most significant at hi& flowrates where the difference 
between the inlet end outlet temperatures are small. At low flowrates thermo- 
couple errors are less significant* but flowmeters errors* which are proportional 
to the full scale reading* are most important. By examining discrepancies be- 
tween predicted and measured performance over the range of test conditions , in- 
strumentation effects can be separated from systematic type errors which are 
indicative of radiator performance degradation. 


APPENDIX E 


SOLAR DEGRADATION TEST QUICK LOOK REPORT 


DESIGN INFORMATION JfiflBgg - RELEASE 0- S 2042 lt« 

MOOILHI AND IFF, ■ ' " ' 


SOFT TUBE FLEXIBLE RADIATOR SOLAR EXPOSURE TEST. 
QUICK LOOK REPORT 
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I CROUP 

2-51U00 


PREPARED 

D.D. St alma ch 


CHKI 

J.V 


DATS 
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□ VSO O.II.Y Qna»c Qnpro □ 

cc 1 ' 
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J.A. Oren 
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DATS 
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Jj. J. French, M. Qreen, J. L , Williams, C. W. Slxon. J. L. Vann. J. C. Utterback 


OE5ION INFORMATION! 

INTRODUCTION 

T he "soft-tube" f lexible/ d e p loyable radiator prototype was subjected to a solar ex- 

... joaure test from 13 November to 17 Hovcmbe r 1978 in Chamber B at NASA-JSC. The purpose of 
—-pf-thia teat was t o evaluate possible degradation of the radiator optical properties or 
construction technique due to solar radiation by measuring; 

* Thermal performance of the radiator whan Initially exposed 

to a deep space environment, 

• dermal performance when initially exposed to solar radla- 

tion, 

— • Thermal performance after exposure to solar radiation for 

21 100 hours, and 

gj frgxml performance when exposed to a deep apace environment 

following solar exposure, 

- The r adi at or waa i nstrumented, with 20 thermocouples on the radiator surface and 8 thermo. 

— 1 -gyPjg* on tbe lolet ftDd outlet fluid lines and manifolds. The locations of these thermo- 
-COugle B ar c iUus t rated in Figure 1. Two platinum resista nce p robes were used to maa ure 
,thejnlet and outlet fluid temperatu res. In addition, a th ermoc ouple waa attached to the 

. .lg. reea v *rc QP.y Mch the radiator was lying and mo ther was attach ed to the passive plate 
_located in the center of the floor. The radiator fluid waa water from th e RASA potab le hot 


6 - 2 , 


water supply. The Inlet temperature of the water was approximately 113°F 
and the flowrate through, the radiator wax held at 160 lb/hr. The water flow 
schematic Is illustrated in Flguze 2. 

The first deep space environment test point was reached at 1500 
on 13 November. The solar flux was Initiated at 1530 and the first steady 
state solar condition was reached at 2030 on 13 November. The solar flux 
was terminated at 1600 on 17 November and the second deep space environment 
test point was reached at 2100 on the same date. 

DATA ANALYSIS 

A FORTRAN computer program was written to process the measured 
temperatures and calculate the effective solar absorptance of the radiator 
at selected times. A listing of this program is included in Appendix A. 

The average fin temperature of the radiator was calculated by 
averaging the measured temperatures on the radiator fin surface. 
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( 1 ) 


where T^ — * T £0 ere the temperatures measured by the 20 radiator thermo- 
couples. The values measured by thermocouples 15 and 17 were not included 
in the average because, these thermocouples were located on tubes rather than 
the fin material. Also, the values measured by thermocouples 5 and l8 were 
not included because these thermocouples were giving erroneous (off-scale) 
readings. The equivalent structure temperature was calculated taking into 
account major sources of emitted and reflected IR. These sources included 
the solar module mirrors, the chamber floor, the chamber walls and ceiling, 
the passive circular floor plate, the wire table, the radiator inflation tubes, 
the radiator drum, and the rectangular floor plate located under the radiator. 
These sources have been numbered and are illustrated in Figure 3. The equiva- 
lent structure temperature was calculated with the following equation. 
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where K g ■ 2 A«c„o 


Vr“ 


The heat given up by the fluid loop was calculated as, 

S^uid “ ^ at fluid^ 

The total absorbed heat was then calculated with the equation, 

Sbs * Sad “ Sluid 


( 6 ) 


( 7 ) 


The effective solar absorptance was calculated by two different 
methods. Method A used the equation 

O _ v‘ m ^ 

. - t n . 3 si is) 


where K 3 - SAptpO and ■ [l + (1 - o 5 )t r ]A r 

Once a was cax cul ate d, this value was used to recalculate T g ^ and ? s and a 
new value of a was then calculated. This procedure was performed three times, 
which was assumed to give sufficient convergence of a, Method B used the value 
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of a calculated by Method A and equation (3) to calculate T g . The heat 
rejected by the radiator was then calculated with the equation, 

Q * B - C'V D ^ 

where, 

A - 2 *, " V (T i - V T S 
T. - T. T + T 

B - 1/ktn [(-L_^)(=a_ A] 

A 1 S o A S 


C - l/2[tan _1 (^) - tan _1 (~) ] 

8 3 



o a 


T^ * Inlet fluid temperature (T^) 

T q » outlet fluid temperature (T^g) 

« fi«ufircmn»+Jr 

S ■ radiator tube spacing 

l 

R ■ thermal resistance between the fluid and the radiator * — TT" 

TTKf 

The effective solar absorptance is then the value of a (within some set limits) 
such that the function F(a) ■ |Q - ifi minlmize<1, Note that in contrast 

to Method A which calculated the solar abBorptance of the radiator based on the 
measured radiator fin temperatures, Method B calculated the absorptance based on 
the measured fluid inlet and outlet temperatures and the calculated thermal 
resistance between the transport fluid and the radiator surface. 


RESULTS 


The measured temperatures end calculated parameters* at representative 
times during the solar exposure ore presented In Table 1. The values of bolar 
absorptance calculated by the tvo methods are in close agreement for the times 
presented and very only slightly over the length of the solar exposure. The 
difference between the Method B values of a at the beginning and end of the 
solar exposure is less than l£. 

The measured temperatures for the tvo deep space environments are 
compared in Table 2, The temperatures at the tvo environments compare favorably 
and no difference in radiator performance is evident. 

Visual inspection of the radiator indicated no optical or mechanical 
degradation due to the solar exposure. 

CONCLUSIONS 

Post test evaluation of the performance data indicate th&t no measure- 
able degradation cf the radiator occurred during the 96.5 hours of solar exposure. 
Visual inspection of the test article indicates no observable change in the 
physical appearance of the radiator. 


TABLE I M 


UTEsil/l 3/73 H = 2 i M= u 5= T 


TC NO . LOCATION 


TEMP (F) 


A 

INLET FIN 

A 3* 1 

2 

OUTLET FIN 

79.5 

3 

inlet fin 

87.0 

4 

outlet fin 

72.6 

5 

inlet FIN 


& 

outlet fin 

76.7 

7 

INLET FIN 

A 9. ] 

8 

OU T LEf FIN 

76.3 

9 

inlet fin 

97.8 

10 

OUTLET FIN 

77.0 

11 

inlet FIN 

96.9 

12 

outlet fin 

75.5 

13 

inlet fin 

91.* 

14 

OUTLET FIN 

73,3 

15 

INLET TUBE 

102.9 

16 

INLET FIN 

96,0 

17 

INLET ~TUTE' ' * 

' 13 0.0 ' 

13 

OUTLET FIN 


19 

INLET fin 

98.3 

tC 

OUTLET FIN 

66,6 

21 

INLET FLUID (LEFT! 

112.7 

22 

INLET FLUID (RIGHT) 

112. 7 

23 

OUTLET FLUID (LEFT) 

76.5 * - 

24 

OUTLET FLUID (RIGHT) 

77.4 

25 

INLET MANIFOLO (LEF’ r ) 

109.9 

26 

OUTLET MANIFOLO (RIGHT) 

77.6 

27 

OUT 3GAR3 MANIFOLD (LEFT) 

95. 7 

2& 

OUTBOARD MANIFOLD (RIGHT) 

•;»3. 7 

29 

FLOOR PLAT 

116.7 

31 

TABLE MIRE 

78.1 


PLATINUM °ROBE INLET TEMP (F) * 

117.4 

PLATINUM PROBE OUTLET TEMP IF) a 

77.2 

PLATINUM 3R06E DELTA TEMP (F) a 

36.2 

AvS FIN TEMP (F) = 

83. 8 

HATER FLOM RATE (L3/HR) = 

160.0 

AV3 STRUCTURE TE«P IF) s 

-116.7 

FLUID HEAT REJ ( BTU/HR) = 

5792.0 

SOLAR FLUX (BTU/HR) a 

468.5 

AUG TUBE TEMP (F) a 

85.2 

TOTAL ABSORBED HEAT (3?U/HRI * 

6489. 0 

FIN EFFECTIVENESS = 

.960 

TEMPERATURE RATIO = 

.984 

SINK TEMPERATURE (F) = 

.1 

TOTAL RADIATED HEAT (BTU/HR) = 

12281.0 

m VG SOLAR MOO MIRROR TEMP (F) a 

87.1 

AVG LUNAR PLANE TEMP ( F) - 

-290 .2 

A VG CHAMBER WALL ANC CEILING TEMP (F) 

= -296,9 

EFFECTIVE SOLAR ABSORPTANCF IMETHOn 4 ) 

= .153 

EFFECTIVE SOLAR ABSORP'ANCE ( MF " H O r B) 

a .159 
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TABLE I (h\ 


;-'ATt>i J./ 15 / 7 * h a r i=*c s= r, 


c NO. 

location 

TEM° < F ) 

1 

INLET F 1 1 | 

83. 1 

A- 

OUTLET FIN 

79.2 

3 

INLET FIN 

80. J 

4 

OUTLET FIN 

72.2 

6 

INLET FIN 

***** 

l> 

OUT Lf ' FIN 

77.0 

7 

INLET e T>j 

89." 

8 

OUTLc’’ FIN 

76.2 

9 

INLET FIN 

97.5 

lv 

OUTLET FIN 

76.5 

11 

INLET FIN 

96,6 

12 

OUTuET FIN 

7 6,9 

1j 

inlet fin 

91.? 

14 

OUTLET FIN 

73.7 

15 

INLET TIME 

10 2.9 

lo 

INLET FIN 

9b. 6 

17 

INLET TU9F 

1 J 0 . 7 

13 

OUT LE* FIN 


19 

INLET Ft N 

98,2 

20 

OUTLET FIN 

67,2 

21 

INLET FLUID (LEFT) 

11 3. P 

22 

INLET FLUID (RIGH'l 

112.3 

23 

OUTLET FLUID (LEFT) 

77.1 

2 h 

OUTLET FLUID (RIGHT) 

77. G 

25 

INLET MANIFOLD (LEFT) 

11 C . 6 

2 fc 

OUTLET MANIFOLD (RIGHT) 

78.6 

27 

OUTBOARD MANIFOLD (LEFT) 

95.4 

28 

OUT 3QAR0 MANTFOLO (RIGHT) 

94,6 

29 

FLOOR *LA7E 

ill. 6 

3L 

TABLE HIRE 

9 0.2 


PLATINUM PROBE INLET TEMP < F I = U3.4 
PLATINUM PROSE OUTLET TEMP (F> = 77,4 
PLATINUM PROBE DELTA TEMP ( F ) = 36.0 
AVG FIN TEMP {FI = 87.9 
r.AT£R FLOH RATE (L3/HR) = 160.0 
AvG STRUCTURE TEMP ( F> = -U8.0 
FLUID HEAT RE J (BTU/HR) = 5760.0 
SOLAR FLUX (BTU/HR) s 468.5 
AvG TUBE TEMP (F) = ‘88.3 
TUTAL ABSORBED HEAT (9TU/HR) = 6610.1 
FIN EFFECTIVENESS a ,945 
TEMPERATURE RATIO a .949 
SINK TEMPERATURE (F> = 2.3 
TOTAL RAOIATEO HEAT ( 8 TU/HR) a 12370.1 
AVG SOLAR MO! MIRROR T£Hf» C F I = 8 b. 5 
AvG LUNAR PLANE TEMP (F) s - 2 RL .3 
AVG CHAMBER MALL AN U CEILING TE*P (FI = -296.9 
EFFECT Il/E SCLAR ABSORP* ANCE (ME "HOP At a ,168 
EFFECTIVE SOLAR A9SOR 0 TANCE (METHOD 0) = ,159 
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TABLE i fc) 

"ATE*!! /16/78 H* i MsJC S* 0 


TC NO. LOCATION TEMP (F) 


1 

INLET FIN 

02. 9 

2 

OUTLET FIN 

7 8.7 

3 

INLET FIN 

86.7 

4 

"s' 

our lET FIN 

INLET FIN 

72.1 

b 

OUTLET FIN 

7 6. 4 

7 

INLET FIN 

9l , l 

8 

TUfCTT "FllT 

75.3 

9 

inlet fin 

97.3 

10 

OUTLET FIN 

75.8 

11 

inlet FIN 

96.5 

12 

OUTLET FIN 

75.5 

1? 

inlet fin 

91. 7 

1<* 

OUTLET FIN *' ' 

“ 7-2.9 

15 

inlet TUBE 

10 3. 3 

16 

INLET FIN 

97.3 

!7 

INLET TUBE 

iar.5 

16 

OUTLET FIN 

19 

INLET FIN 

99.0 

2G 

OUTLET Ft N 

66.7 

21 

INLET FLUIO (LEFT! 

112.? 

2 1 

INLET FLUIO (RIGHTI 

112.3 

2a 

OUTLET FLUIO' (LEFT! " ~ 

76.6 

2h 

OUTLET FLUIO (RIGHTI 

76.6 

25 

INLET MANIFOLu <LFF T ) 

109.8 

26 

OUTLET MANIFOLD (RIGHT) 

7 7.4 

27 

OUT30ARQ MANIFOLD (LEFT) 

95.(1 

28 

0UT3QARQ MANIFOLD (RIGHT) 

93.6 

29 

floor pla~e 

109, 1 

3u 

TABLE HIRE 

7 fl. 3 


PLATINUM PROBE INLET TEMP (FI a 

PLATJNUJ1_PRO0J_JUTLFT "EMP (F) a 

PLATINUM PROBE QELT7r TEMP f F »“ = 

AvG FIN T£HP < F | a 
HATER FLOW RATE (L3/HR I = 

AVG STRUCTURE TEMP < F» = 

FLUIO HEAT REJ ( BTU/HRI a 
SOLAR FLUX (8TU/HR) = 

AVG ' TUBE TEMP ( F j s 

TOTAL ABSORBED HEAT (BTU/HRI a 
fin EFFECT IVENESE a 
TEMPERATURE RATIO a 
SINK TEMPERATURE (F| a 
TOTAL RAOtATLO HEAT ( BTU/HRI a 
AVG SOLAR MOD MIRROR TEMP (FI = 

AVG LUNAR PLANE TEMP (F) * 

AvG CHAMBER HALL AND Ce.IL ING TEMP (Ft 
EFFECTIVE SOLAR A930RPTANCE (METHOD A) 
EFFECTIVE SOLAR AflSORPTANCE (METHOD 9) 


11?. 7 
77.2 
’6 ♦ 5 

e?.r 
160*0 
-119.1 
9840.0 
468.5 
07.8 
567? .5 
.960 
.952 
3.? 
12313.5 
84.7 
-294 , 3 
-296.9 
= .161 
=, .16 0 
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uATEeil/;7/7d 


TABLE I (4^ 

H* 7 M*3C S* 0 


rc mo, 


LDCATTO 1 


IN LET FIN 
OUTLET FIN 
INLET FIN 
OUTLET FIN 
Inlst'fin " 

OUT LFT FIN 

inue: fin 
outlet fin 

INLET FIN 
OUTLET fin_ 

INlET C IN 
0UTLE1 PIN 
Inlet fin 
0'JTlET fin 
inlet tube 

INLET pin _ 

INLET TUBE ' ' 

OuTlFT fin 

INLET FTN 
OUTLET FIN 
INLET FLUID ( _£F* ) 
rNLET FLUID (RIGHT) 

OUTLEt FLUID" (LtFf) 

OuTlFT ‘FLUID (RIGHT) 

INLET MANIFOLD (LEP*) 
OUTLET MANIFOLD (RIGHT) 
OUTBOARD MANIFOLD (LEFT) 
OUTBOARD MANIFOLD (RIGHT) 
FLOOR PLATE 
TA3L: HIRE 


81.0 
7 4 . / 
86- i 
72.1 

76.* 

89.7 
7 5.2 

95.4 

75.4 
95. 7 

75.4 
9G.8 
7 7. 6 

102 . 0 

96 .7 
10 C. 4* 

97.fl 

6 7.5 
112.3 

_11 3. 0 _ 

76.4 

7 6.6 
11C. 4 

77.4 " 
95.1 

93.7 
10 7.5 

78.3 


PLATINUM PROBE INLET TEMP (F) = 
^PLATINUM. PROBE OUTLET TEMP CF| * 

PLATINUM PROBE OELT A~ TEMP (F) = ~ 

AvG FIN ’IMP ( F ) a 
HATER FLOW RATE (L3/H») a 

AVG structure TEMP (F> s ' — - 

FLUID HEAT REJ ( BTU/HR ) = 

SOLAR FLUX (BTU/HR) a 

AVG TUBE TEN* (r> a * - 

' 0-‘ Al ADSORBED HEAi (9IU/HR) s 
FIN EFFECTIVENESS a 
TEMPERATURE RATIO = 

SINK TEMPERATURE (F) = 

TOTAL RA^IAJEd HEA* 1 3T J /HR) - 

AvG SOLAR MOD MIRROR TEMP (F) a 

AVG LUNAR PLANE ’’EMP ( f) s 

AvG CHAMBER WALL AND CEILING TEMP (F) 

EFFECTIVE SOLAR ABSORPTmNCE ( M£ THO n A) 

EFFECTIVE SOLAR AQSJRPTANCt (M^THO" 0) 


l 3T J /HR) - 
I TEMP (F) = 


113. 3 

76. 5 

o 6 . 8 
83.2 
160.0 
-119. 9 
5888.0 
468.5 
"87.1 
6564 . 7 
.960 
.955 
1.5 
12452,7 
74.8 
-294.6 
= -296.9 
= .158 

a .157 
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TABLE I (e) 

CAT* =11/17/78 H*15 M* C S* 0 


TC NO. 

LOCATION 

TEMP (FI 

1 

INLET FIN 

82.3 

2 

outlet FIN 

78.4 

S 

INLET FIN 

86.7 

H 

OUTLET FIN 

72.3 

5 

INLET FIN 


6 

outlet fin 

76.7 

7 

INLET FIN 

89.5 

6 

outlet fin 

75.4 

9 

inlet ftn 

97. n 

1C 

OUTLET FIN 

76.1 

*i 

inlet fin 

96.8 

12 

outlet fin 

75.1 

11 

inlet fin 

91.3 

14 

OUTLET fin " ■ 

72.5 

15 

INLET TUBE 

10 3.2 

16 

INLET fin 

97.4 

17 

inlet tube 

10 G. 7 

18 

OU'LET FIN 


19 

inlet fin 

98.8 

2-j 

OUTLET FIN 

67.3 

21 

INLET FLUIO (LEFT) 

112.2 

22 

INLET FLUIO 1 RIGHT) 

112.3 

2i 

OUTLET FLUIO (LEFT) 

76.4 

24 

OUTlET FLUIl (RIGHT) 

76*5 

25 

INLET MANIFOLO (LEFT) 

109.6 

26 

OUTLET MANIFOLD (RIGHT) 

7 7,6 

27 

QUT90AR0 MANIFOLO (LEFT) 

94.9 

28 

0UT90AR0 MANIFOLO (RIGHT) 

93.4 

29 

FLOOR PLATE 

lit. 3 

3C 

TA3LE MIRE 

78.9 


PLATINUM PROBE INLET *LMP (F) * 112.9 
PLATINUM PK08E0UTLEX TEMP (F) s 76.7 
°LAi INUN P^OBE DELTA TEMP <F) = 36.1 
AvG FIN TEMP (F) = 83.6 
8ATER FLOH RA T £ (L3/HR) = _ 160.0 
AVS STRUCTURE TEMP IF) * -118.9 
FLUIO HEAT REJ ( BTU/ MR) = 5776.0 
SOLAR FLUX ( BTU/HR) = 472.9 
AvG TUBE TEMP IF) = ' ' ' 86.7 
TOTAL A 9S3RPEO HEAT (BTU/HR) a 6637.8 
FIN EFFECTIVENESS = .960 

'EMPtRATURE RAT 10 = - - 

SINK TlIPERATURE IF) = 2.7 
TOTAL RACIATEO HEAT (BTU/HRI = 12413.5 
AVG SOlAx MGl MIRROR t lMP IF) = 76.6 
AVS LUNAR PLANE TEMP IF) = -294.7 
AvG CHAM 3c R « ALL AnU CEILING TE M P IF) = -296.4 
EFFECTIVE SOLAR AB'SORP^A NC£ (METHOD A) = ',158 
EFFECTIVE SOLAR ABSORP ANCE (ME*HO r 3) = .158 


£ 
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TABLE 2 


COMPARISON OF RADIATOR TEMPERATURES FOR 
DEEP SPACE atVIROHMENTS 



TEMPERATURE (°F) 

T/C HO. 

11/13/78 

1500 

11/17/78 

2100 

1 

50.5 

51.2 

2 

45.4 

45.2 

3 

1*9.2 

49.3 

4 

39-2 

39.2 

5 

- 

- 

6 

39-2 

39.1 

7 

61 . 1 * 

62.1 

8 

40.0 

4o.6 

9 

61.9 

62.0 

10 

34.0 

33.0 

11 

66.8 

66.4 

12 

31.4 

32.2 

13 

69.8 

69.7 

l4 

26.9 

24.6 

15 

81.4 

81.1 

16 

71.7 

72.1 

17 

f)3.7 

83.5 

18 


- 

19 

76.1 

75-9 

20 

28.3 

30.1 

31 <V 

113.2 

113.1 

» (T out ) 

50.0 

49.3 

iT FLUID 

63.2 

63.3 
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Ff6URE I 

FLEXIBLE RADIATOR THERMOCOUPLE LOCATIONS 




CSD FLOW BENCH SCHEMATIC 



13 







V* 


T7TTTTTTTT7 


Floor Pl*lfc 
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APPENDIX 


- COMPUTER LISTING 


15 


E-lfe, 


PROGRAM FLEX 


74/74 0°T=1 ROUNQs ♦-*/ 


FTN 4.6+426 


12/0 <5. 


PROGRAM FLEX( INPUT tOurPUTI 

COMMQN/NAIN/TM,TFLK, T <32* , T WALL, T F.OTF, Qi * XK1* £T A * CFL 
DIMENSION AL ( 3) « Y ( 3) 

TF'JN(TI> = <TI + 460.)*+4 
5 PE AO 10a.RMu,XKl«XK2«XK3 t XK4 
IFIRMO.Lfc.O.) CO TO 900 
RE AO 100 » TM * T FLR, TWA LL» OT F 
Rt AD 10Q,QS*ALF,CHI*ETA 

READ 100* T _ _ 

READ 110 » U ATE »HR* M »S 
TF=3 • 

0010 1*1*2 C- 

10 tF*TF»r'FUN(T C 1 1 f 

TF = < CTF-TFUNIM5I 1-TFUN(T<15» I -TFUN CTI17I I -TFUNIT ( 1M I 1/16.)+ +.25 

1-463. _ 

DO 16 J*i,3 

TST=C .uG6*T*UN(TN)+.42*TFUNITFLRI+.364*TFUMtTC29l » + .0 35*TFUNC TI101 
1>+.47*TFUN(TMALL> +.329*TFUN (TFI *>1 ,79E6*ALF*Q£ )**. 25-460. 
TSiCTFUNITSTl ♦XKi*ALF*QST**‘.25‘-460.~ 
tt S ( r F+460. + I CHI-1. >MTS *460. U/CHI-460. 

QPAQ=XK2*fcTA*TFUN< TT) 

QFl*RMD*D7F 

0A3S=QRAD-QFL 

15 ALF=(QA3S-XK3*TFUN(TST> »/(XK4*QS) 

AMAX*ALF + .02 
AMIN*ALF-.02 

PEL* < AMAX-AMINI*. 25 _ 

~ C 'b 5 0 1*1,3 
AL(I) =AMIN^FLOATm*OEL 
Y 1 1) =F(AL 1 1 ) I __ _ 

50 CONTINUE 

51 ISU3*IS<Y> 

IF((2.*3EL) .LE..Q01) GO T O 60 

OEL = OEi>.5‘ ~ 

AL(2)=AL<ISUB) 

r t 2 » = Y ( I SUB) _ _ _ 

ALII) *AL (2) -DEL ‘ 

Y<1)sF(AL(1)» 

AL ( 3 ) =AL I 2) +0 EL _ 

3) =F(AL (3)) 

GO T 3 51 

60 ALF9*AL( I SUB) 

PRINT 1* OAT E* HR* N * S 
PRINT 2GG 
CO 23 K*1 *13*2 
PRINT 201, K, TIKI 
KPisR+l 

3RINT 202 ,KP1 * T (KP1) 

20 I = K 
1 = 1 + 2 

°KtNt 203,1 ,T ( I) _ 

1=1 + 1 

P fc I NT 231*1 *T 1 II 
I=I + t 

3 R IN T 20 3 * I , T ( I) 

1=1 + 1 

PRINT 20 2 * I *T ( I ) 


16 


E-n 



’ROGRAM FLfX 74/74 OrT = l ROUNO = ♦-* / FTN 4. 6*428 12/05 


1*1 + 1 
PRINT 

201 

iI.TIII 

1*1 + 1 
PRINT 

20 t 

.1 *T ( II 

1*1 + 1 
PRINT 

204 

tit MI) 

I«I + 1 
PRINT 

205 

1 1 1 r c ii 

1 = 1+1 
PRINT 

2 06 

1 1 , T ( II 

1*1 + 1 
PRINT 

207 

tltTCD 

1*1+1 

PRINT 

2 08 

,ItT (I) 

I«t+1 

PRINT 

209 

* 1 1 T C I ) 

1*1 + 1 
PRINT 

210 

tl.TCXI 

I=t + t 
PRINT 

211 

tltT(I) 

1*1+1 

PRINT 

212 

1 1 1 T ( I) 

1*1 + 1 
PRINT 

213 

1 1 1 T ( I) 

PRINT 

214 

tT < 31 1 

PRINT 

215 

tT ( 32 1 

PRINT 

216 

tOTF 

PRINT' 

217 

t T F 

PRINT 

218 

t 9 -?0 

PRINT 

219 

tTFT 

PRINT 

220 

tOFL 

PRINT 

221 

tOS 

PRINT 

223 

tTT 

PRIN T 

224 

,QA33 

PRINT 

225 

tETA 

PRIN” 

226 

tC Hi 

PRINT 

227 

t TS 

PRINT 

228 

t QRA 3 

PRINT 

229 

t T M 

PRINT 

230 

.tflr 

PRINT 

231 

tTHALL 

PR IN* 

f‘3 2 

, AwF 

PRINT 

L33 

♦ ALF3 

GO TO 

5 



9 C 0 STOP 

1 FQRrtATllHl,//tl6Xt*QATE**,A8»6X»*H**,A2,*M**,A2,* S**tA2l 
100 FORHA’ <dFlj,(J) 

110 F09iAT( Art,A2» A2,A2> 

200 FORNAT C///tl4Xt*TC NO. LOCAT ION* ti9X f *TEMP (Fl*,/I 
2*.l FORNATU5X, X2.5X,*INLET F IN*t 20 X t F5 . 1 I 

202 FORNAT(15X.I2.5X**OUTLET FIN* » 19X . F5 . 1 I 

201 FORMATH5x,I2.5X,*lNLtf TU3E*,19X.F5.1) 

2gn FORNAT(l5X.I2»5X.*INLFT FLUID < LEFT ) *«11 X , F5. 1 1 

205 FORNA T (15XtI2.5X.*lNL£T FLUID f RIG H T ) * . 1 0 X «P 5. 1) 

206 F0RMAT<15X.I2,5X,*0UTLET FLUID (L£ FT) *, i 0X,F 5 . 1 ) 

207 FORHAM 15x . 12 , 5x , *OU , L£ r FLUID (RIGHT )*, 9X , F5 . 11 
206 FORHAT ( 15 X , 12 , 5X . * INLET HANIFOLO (LEFT) *. 8X. F5. 1) 
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£-»8 




Inti* 0°T*1 ROUND* >-*/ 


FTN 4 .6 > 42 8 


PROGRAM KLrX 


1270*5 


2 j9 
c 10 
211 
212 

214 
2*4 

215 
215 
217 
213 

219 

220 
221 

223 

224 

225 
22b 
227 
2 25 
229 
239 
231 
2 32 
233 


rPRMAT<15X t I2,5X,*QUTL£T MANIFOLD I RIGHT! * ,6 X « F5 .1 > 
F0RMATU5X,I2»5x f *0UTdQA90 MANIFOl.Q ( LEFT I * , 5X ,F5 . 1 1 
FORMAT! 15X,I2,5X,*0UTB3A90 MANIFOLD (RIGHT) *, 4X.F5.il 
FORMAT (15 X, 12, 5X, 'FLOOR PLATE V1«U «F5.1) 

FORMAT U5X,I2,5X,*TA9LE NIRl* , 19X* F5. 1 , //» 

FORMAT <15x,*PlATINUM PROBE INLET TEMP « F) **,5X*F7.i| 
F0R.MATC15X,*PLATINUM PRO«F OUTLET TEMP 4 Ft «*,7X*F7.1I 
FCRMAT<15X,*PLAT INU.M PROBE DELTA TEMP (FI «*,ftX,F7.1l 
FCRMATJ15J(,*AVC FIN TE.MP__(F) =• ,2lX,F7.1l 
FORMA' ( 15x,*NATFR FLOW RATE (LB/HRI =*»14X,F7,1I 
F0RMATU5X,*A7C STRUCTURE TE!i° <F > a* t 15X,F7.1) 

FORMAT (15X, •FLUID heat R^J (BTU/HR) =*»14X,F7.1I 
FORMAT(15X,*SOLAR FLUX (8TU/HR) ** t 18X,F7.1l 
FoRMAT(15X,*A VG TUBE TEMP (FI = *♦ 20 X t F7. J. I 
FORMAT! 15X, 'TOTAL ABS0R9E0 HEAT CBTU/HR) **,9X t F7.1) 
F0RMAT<i5X,*FIN EFFECTIVENESS =*,23X,F7,3) 

F„(MA- <15X,*TEMPEPA,dRE RAr I0 =*,20X,F7.3) 

FORMAM15X,*SINK 1 EM PER A TuRE CF > **»17X,F7.1) 
FORMAT(i5x»*rOTAL RADIATED HEAT (BTU/HR) **«9'X*F7.tl 
FQRMAT(15X,*AVG SOLA 9 MOD MIRROR TEMP f F ) =*t6X,F7lll 
FORMA TCl5X r *AVG LUNAR »LA_NE TEM° (Ft **,1?X,F7,1> 
F0RMAT(15X,»AVG CHAMBER HALL AN* CEILING T EMP (F) **,'F7,1I “ 
FORMAT (15X,*tFFECT IVE SOLAR ABSORPT ANCE (METHOD A) s*»F6«3l 
5CRMAT( i5x, *EFFECTIv c SOLAR A 9SORR TANCE (METHOO B) s*,F6.*l 
END 


I 
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1 0 L I 

rs 

< 


■> 


a 


SN 


REFERENCE MAP (Raj) 


OEF LINE 
1 

REFERENCES, 

— — 

T rPE 

RELOCATION 


real 

ARRAY 

REFS 



42 

REAL 


REFS 



DEFINED 

REAL 


REFS 

real 


REFS 

REAL 


REFS 

real 


REFS 

REAL 


REFS 

REAL 


REFS 



DEFINED 

REAL 

MAIN 

PEFS 

REAL 

MAIN 

REFS 

REAL 


REFS 

INTEGER 


PEFS 


54 
62 
70 
76 
5 9 
66 






3 

30 

35 

37 

DEFINED 

29 

35 

37 

17 

19 

25 

26 

8 

""24 



100 

OEFINED 

42 


27 

pefinfd 

25 


27 

29 

DEFINED 

26 

2*20 

93 

DEFINED 

8 

4? 

DEFINED 

10 


29' 

33 

34 

37 

27 

34 



2 

22 

84 

DEFINE 

2 

21 

92 

DEFINE 

43 

OEFINED 

10 


13 

2*29 

2*30 

5* 

2*55 

56 

2*57 

5 * 

2*63 

64 

2*65 

66 

2*71 

72 

2*73 

7* 

2*79 

30 

2*41 

DEFINE 

52 

54 

56 

56 

b 8 

7 C 

72 

7h 


I 
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£~K) 


J 


oNnTIUN F 7*/ ’4 OPT si ROJNG= *-,*/ FT N 4.6*428 l?/05 

» 


FUNCTION FCAUF) 

COMMON/ FA I.M/T M ♦ TFlP.* T I 32 1 ,TWALL ,TF , 0 TF , QS , X<1 , £T A , QFL 
FUN ( ’ I)- ( T 1*460 . ) **4 

TSTM.CJEMFJNUM) ♦ , U2*TFUN(TFLP» ♦ . j 64*TFUN(T (29) > *.&35*TFUNI T (3 G I 
1 > * ,*7*Tr U'H TWALU + .C 29* TFU'I ( t p 1*1 . 79E6* A LF*QS> **. 25-460. 

• ji* 1 ’ 01 ) * 4 oo . 

o 2 = T (32 ) *HbG • 

IS=( T PUN ( rsi) ♦ <K1 *AlF* JS1 **.25 
A = l, 4562E -7*£ T A*D T F*TS** 3 

3= .25*ALQG( (T >1 -TS)M T 32 * T 3)/((T31 *TS)*CT32 -TSIH 

C=.5* (ATAN( T3l / I SI -AT AN ( T 32 /^SM 

C®2. 427E«i:*£. A*TF**3**L0G( ( r 3 i **4-TS * *4 ) / (T 32 **4- T S ** 4) I 
Q=A/(9-C*J> 

F = A3S n-QFL) 

RFTlJRN 
= N9 


».'Li: Rl FE N CE MAP (R = 3) 

i- J: :F U I hr RtFERiKCES 

1 15 

s'l i'rPE _ RELOCATION 

A . 


REAL 


REFS' 

13 

OEPINEO 

9 


RIAL 

F.P. 

REFS 

4 

8 

DEFINED 

1 

Rt AL 


REFS 

1 3 

OEFINFD 

10 


REAL 


REFS 

13 

DEFINED 

11 


REAL 


REFS 

1? 

OEFINED 

12 


REAL 

MAIN 

REFS 

2 

9 



REAL 

..AIN 

REFS 

? 

9 

12 


REAL 


TE FINED 

14 



REAL 


REFS 

14 

DEFINED 

13 


REAL 

MAIN 

REPS 

2 

14 


REAL 

MAIN 

RFF3 

2 

4 

9 


REAL 

ARRAY MAIN 

PEFS 

2 

2*4 

6 

7 

RtAL 

“AIN 

PEFS 

2 

4 



' REAL 

“AIN 

»EFS 

2 

4 



real 

MAIN 

REFS 

2 

4 



REAL 


REFS~ 

9 

4*10 

2*11 

3*1 

real 


PEFS 

8 

DEFINED 

4 

L REAL 

MAIN 

REFS 

2 

4 



REAL 


REFS 

2*10 

11 

12 

oeftnf 

RE AL 


REFS 

2*10 

11 

12 

OEFINE 

REAL 

“AIM 

REFS 

2 

P 



TYPE 

ARGS REFERENCES 






REAL 

1 LI3RARY 10 

12 





. REAL 

1 LIBRARY 2*11 






: T ION S TY^E 

ARGS OFF LINE 

RE FF PENCE S 





REAL 

1 INTRIN 

14 





i REAL 

1 SF 3 

6*4 

8 
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6-20 


uNCiior! rs 


/■t/74 OPT = i ROUNOsf-* / 


FTN 4.6*428 


12705/ 


FUNCTION tSIF) 

I? FINDS *Ht SUBSCRIPT OF THE MINIMUM VALUE OF THE ARRAY F 

CIMENSIJN F<3) 

FMINaFUl 

I p =l 

00 1J I»2,3 

IF ( F ( I) t Gf • FM IN) GO TO 10 
FMINsFtl) 

15 = 1 

10 CONTINUE 
RETURN 

END . .. 


30LIC REFERENCE NAP C R=3 1 

IS OEF LINE REFERENCES 

1 12 


SN TYPE 

RF 

LOCATION 







REAL 

ARRAY 

F.P. 

REFS 

4 

5 


a 

"" e 

i REAL 



REFS 

8 

DEFINED 


5 

c 

INTEGER 



REFS 

a 

9 


10 

OE FINE 

INTEGER 



UEFiNEO 

6 

10 




-A lit- 

C£F LINE REFERENCES 







11 

7 

8 






-L tNDEX 

FROM-TO 

LENGTH 

PROPERTIES 






I 

7 11 

4B 

INF TACK 







26a; 22 


ENuTH 


